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... there was no such thing as absolute control, not in a fully functioning universe.





In this thesis work, the ﬂexibility of the tokamak à conﬁguration variable (TCV) is exploited
to study the inﬂuence of various plasma parameters on turbulent ﬂuctuations. The correla-
tion electron cyclotron emission (CECE) diagnostic is used to measure low amplitude, large
bandwidth radiative temperature ﬂuctuations, associated with the anomalous transport terms
that constitute the largest contribution to heat and particle loss in tokamak plasmas. In a
series of L-mode limited plasmas, ﬂuctuations are characterized over a large range of plasma
parameters, obtained varying collisionality, electron-ion temperature ratio and plasma trian-
gularity. The inﬂuence of negative triangularity on conﬁnement and ﬂuctuations over this
large parameter space is also investigated.
Temperature ﬂuctuations proﬁles have been measured in low density, ohmic, positive and
negative triangularity discharges, with matched current and density proﬁles. Strong suppres-
sion of ﬂuctuations is observed in negative triangularity discharges from the plasma edge to
the plasma mid radius. This is despite triangularity quickly decreasing when moving away
from the edge. The existence of a region of low stiffness at the plasma edge is postulated to be
responsible for the unexpected radial penetration of the effects of triangularity. Negative trian-
gularity is thus conﬁrmed having beneﬁcial effects on conﬁnement and reducing ﬂuctuations
amplitude in regimes with high Te/Ti .
For the ﬁrst time on TCV, the neutral beam injector (NBI) has been used on positive and
negative triangularity discharges in order to study the effect of negative triangularity on
plasmas where Te/Ti ∼ 1. This condition is of particular interest since future reactor-like
tokamaks are expected to work with thermalized electrons and ions. A pair of discharges with
positive and negative triangularity has been realized, where matched temperature proﬁles
are attained with ∼385 kW and ∼145 kW of NBI power respectively for the two shapes. This is
evidence of negative triangularity improving plasma conﬁnement also in conditions of low
Te/Ti . In these discharges, CECE measurements ﬁnd reduced ﬂuctuation amplitudes in the
negative triangularity discharges.
Linear, ﬂux tube, gyrokinetic simulations show that, in the same plasmas, the dominant
turbulent regime is a mix of ion temperature gradient (ITG) instabilities and trapped electron
modes (TEM). This is different with respect to all previous works in TCV, in which no ion
heating had been available and only pure TEM regimes were observed. The results of the
linear simulations indicate that, also in this mixed turbulence regime, negative triangularity
has a stabilizing effect on instabilities. Stabilization is more visible for radial positions closer
to the plasma edge, where the magnitude of triangularity is higher.
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A database of ﬂuctuations measurements has been constructed from a series of discharges
with positive and negative triangularity covering a large range of plasma conditions, partic-
ularly focusing on the effects of different combinations of collisionality and the Te/Ti ratio.
Collisionality is found to be the main parameter to control the relative suppression of ﬂuctuta-
tions in negative with respect to positive triangularity plasmas. No direct effect of the Te/Ti
ratio on the ﬂuctuation amplitudes is observed in the explored parameter range.
Measurements taken in positive and negative triangularity plasmas, with comparable condi-
tions and matched normalized temperature scale lengths (R/LTe) still show reduced ﬂuctua-
tion levels for the negative δ cases. Since the normalized scale lengths are the main drive for
the turbulent instabilities, this difference suggests that negative triangularity could increase
the gradient threshold for the onset of ﬂuctuations or reduce the sensitivity of ﬂuctuations to
increasing gradients once the threshold has been exceeded.
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In questo lavoro, la ﬂessibilità del tokamak à conﬁguration variable (TCV) è stata sfruttata per
studiare l’inﬂuenza di alcuni parametri del plasma sulle ﬂuttuazioni turbolente. Il correlation
electron cyclotron emission (CECE) è stato utilizzato per misurare ﬂuttuazioni della tempe-
ratura radiativa di bassa ampiezza e larga banda, associate ai termini di trasporto anomalo
che costituiscono il contributo principale alle perdite di particelle e calore nei tokamak. Le
ﬂuttuazioni sono state caratterizzate in plasmi limited in L-mode che coprono un grande inter-
vallo di parametri di plasma, ottenuti variando la collisionalità, il rapporto tra le temperature
ioniche ed elettroniche e la triangolarità. All’interno dello stesso spazio di parametri, è stata
inoltre indagata l’inﬂuenza della triangolarità negativa sul conﬁnamento e sulle ﬂuttuazioni.
I proﬁli di ﬂuttuazioni di temperatura sono stati misurati in scariche ohmiche a bassa densità
con triangolarità positiva e negativa in cui la corrente di plasma e i proﬁli di densità sono stati
mantenuti invariati. Si è osservata una forte soppressione delle ﬂuttuazioni per le scariche
con triangolarità negativa a partire dal bordo del plasma ﬁno a metà del raggio. Questo
nonostante la triangolarità cali rapidamente nel muoversi dal bordo verso il centro del plasma.
Si ritiene che ad essere responsabile di questa inattesa penetrazione radiale degli effetti
della triangolarità sia l’esistenza di una zona del plasma cosiddetta non-stiff. Queste misure
confermano che la triangolarità negativa ha un effetto beneﬁco sul conﬁnamento e riduce
l’ampiezza delle ﬂuttuazioni in plasmi con alto Te/Ti .
Per la prima volta in TCV, il neutral beam injector (NBI) è stato utilizzato per studiare gli
effetti della triangolarità negativa in plasmi a triangolarità positiva e negativa in cui Te/Ti ∼ 1.
Questa è una condizione particolarmente interessante per il fatto che i futuri tokamak reactor-
like opereranno in condizioni in cui ioni ed elettroni saranno termalizzati. Due scariche
con triangolarità positiva e negativa sono state prodotte, in cui si sono ottenuti proﬁli di
temperatura confrontabili utilizzando, rispettivamente nelle due forme, ∼385 kW e ∼145 kW
di riscaldamento NBI. Questo dimostra che la triangolarità negativa migliora il conﬁnamento
anche per plasmi con basso Te/Ti . In queste scariche le misure effettuate col CECE mostrano
una ridotta ampiezza per le ﬂuttuazioni nei plasmi a triangolarità negativa.
Simulazioni girocinetiche lineari, ﬂux tube, mostrano che in questi plasmi il regime di turbo-
lenza dominante è un misto di instabilità ion temperature gradient (ITG) e trapped electron
modes (TEM). In tutti i precedenti lavori compiuti su TCV quando ancora il riscaldamento
ionico non era disponibile, invece, solo regimi puramente TEM erano stati osservati. I risultati
delle simulazioni lineari indicano che, anche in questo regime di turbolenza misto, la triango-
larità ha un effetto stabilizzante sulle instabilità. La stabilizzazione è tanto più forte quanto
vii
più le simulazioni sono compiute su posizioni radiali prossime al bordo del plasma, dove il
valore assoluto della triangolarità è massimo.
A partire da una serie di scariche che copre un ampia varietà di plasmi con condizioni diverse
sia in triangolarità negativa che positiva, è stato costruito un database di misure di ﬂuttuazioni,
concentrandosi in particolare sugli effetti delle differenti combinazioni di collisionalità e Te/Ti .
Si è osservato che la collisionalità è il fattore più importante nel determinare la riduzione
dell’ampiezza delle ﬂuttuazioni in plasmi a triangolarità negativa rispetto a quelli con triango-
larità positiva. All’interno dello spazio di parametri esplorato in questi esperimenti, non si è
osservato alcun effetto diretto del rapporto Te/Ti sull’ampiezza delle ﬂuttuazioni.
Anche confrontando plasmi a triangolarità positiva e negativa con condizioni confrontabili e
pari scale caratteristiche dei proﬁli (R/LTe ), è stato osservato che l’ampiezza delle ﬂuttuazioni
in triangolarità negativa è sempre minore che in triangolarità positiva. Dato che le scale
caratteristiche sono ritenute essere il termine principale che genera la turbolenza, questa
differenza suggerisce che la triangolarità negativa possa aumentare la soglia necessaria per
i gradienti prima che le ﬂuttuazioni turbolente comincino a svilupparsi. In alternativa la
triangolarità negativa potrebbe ridurre la sensibilità delle ﬂuttuazioni al crescere dei gradienti.
Parole chiave: plasma, fusione, conﬁnamento magnetico, tokamak, microonde, electron
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One of the biggest challenges humanity has to face in the next decades is ﬁnding how to
satisfy the ever growing world energy demand in a way that is sustainable for the planet and
human societies. Fossil fuels, currently the most widespread source of energy, are limited
in quantity and they produce large quantities of carbon dioxide, currently considered the
main responsible for anthropic global warming. Renewable energy sources, like wind or solar
technology, are considered by many as possible alternatives. In the last decades they developed
considerably, becoming much more efﬁcient, affordable and widespread. Nonetheless, they
are still limited by their intermittent nature and by a very low energy density. Finally, nuclear
ﬁssion power plants are an emission free technology, developed and reﬁned over more than
ﬁfty years, but, for the current technologies at least, fuel reserves remain limited. Moreover,
the problem of long living radioactive waste is still far from being solved and, after a series
of accidents with far reaching consequences, the public opinion in many countries seems to
strongly oppose the construction of this kind of reactors, hindering their implementation. One
possible way to sustainably produce energy, not yet exploited, are nuclear fusion reactions.
These are reactions in which two light nuclei combine creating a heavier, more stable, product.
A nucleus is more stable the higher its binding energy per nucleon (protons and neutrons)
is. The values of binding energy per nucleon with increasing atomic number are shown in
ﬁgure 1.1. When converting reactants into products with higher binding energy, the resulting
nuclei will have a lower total mass than the starting ones. The difference in mass between the
starting nuclei and the products is converted to energy according to E = Δmc2. This is the
same principle that allows to exploit nuclear ﬁssion reactions to produce energy. In that case,
though, a heavy, relatively unstable nucleus is made to split into several lighter, more stable
products. To have nuclear fusion reactions, the positively charged nuclei need to have enough
energy to approach each other at less than 10−15 m, where the strong nuclear force overcomes
Coulomb repulsion. In nature, nuclear fusion reactions are mainly found in stars, where the
extreme pressure due to gravitational force allows nuclei to overcome the electric repulsion
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Figure 1.1 – Average binding energy per nucleon for different mass numbers. Net
energy can be produced by splitting heavier atoms into lighter fragments (ﬁs-
sion) or combining very light nuclei into bigger atoms (fusion). Public Domain,
https://commons.wikimedia.org/w/index.php?curid=1540082
Figure 1.2 – Reactivity for three different fusion reactions as functions of the ions temperature.
Licensed under Creative Commons 2.5.
2
1.1. Nuclear fusion
Looking at the cross sections for several fusion reactions, shown in ﬁgure 1.2, it can be noticed
how relatively high values can be obtained only for energies higher than 10 keV. In particular,
the reaction that presents the highest cross section, at the lowest energy, is:
2
1D+ 31T → 42He(3.5MeV )+ 10n(14.1MeV ), (1.1)
A reactor based on this type of reaction would have very high energy density, would emit no
greenhouse gas and its fuel supplies would be widespread and relatively abundant. Deuterium
can be easily extracted from water, while tritium, after an initial quantity required for the
startup of the ﬁrst of such machines, can be produced by having lithium react with neutrons
produced by the fusion reactions.
At energies around 10 keV, matter cannot exist in any of the conventional three states (solid,
liquid or gas) but only in the plasma state. At such high energies, in fact, atoms are stripped
of their electrons producing strongly ionized gases, composed by free electrons and ions,
susceptible to electromagnetic ﬁelds. It is common use in plasma physics, due to the high
energies involved, to express temperatures in terms of electron volts according to: E [eV ]=
kBT [K ], where kB is Boltzmann constant. One eV corresponds then to 11605 K.
Plasmas are globally quasi-neutral, meaning that, if an unbalanced charge should develop,
electrons would quickly redistribute to compensate for it. The characteristic distance at which







where n is the plasma density, T the plasma temperature (the electrons and ions populations
composing it are considered to be in thermal equilibrium), 0 is the vacuum dielectric constant
and e is the electric charge of an electron. The natural frequency of the oscillations that develop






where me is the electron mass. Normally a plasma is deﬁned as such when λD << L, nλD >> 1,
and ωp >> νen , where L is the characteristic size of the system and νen the collision frequency
between electrons and neutrals. The dominance of collective effects, such as charge shielding,
with respect to binary interactions, is one of the deﬁning characteristics of a plasma.
To build a machine that exploits nuclear fusion reactions in order to produce electric energy,
it is necessary to develop a reactor design that is able to produce a plasma at the required
temperatures, conﬁne it for a deﬁnite period of time and, ﬁnally, convert the produced thermal




Calculations based on a simple power balance model can be used to obtain a useful criterion
guiding the design of a reactor exploiting nuclear fusion reactions [9]. The model considers a
steady-state, uniform plasma, half deuterium and half tritium, of density n, at a temperature T,
identical for ions and electrons. The balance assumes that the electrically charged α particles,
produced by the D-T fusion reactions, deposit all their energy (Eα = 3.5 MeV) in the plasma
and that this energy is sufﬁcient to compensate the losses by radiation and conduction. This
condition, in which the plasma maintains its burning state without any energy injection from
the outside, is called ’ignition’. If a conﬁnement time is deﬁned as τe = WPloss , where W is the
energy density stored in the plasma and Ploss represents the power loss by radiation and






where 〈σv〉 represents the product between the reaction cross section and the relative velocity
of the reacting nuclei averaged over the particles distribution. Since 〈σv〉 depends in turn on
temperature, a minimum for kBT
2
〈σv〉 can be found. For D-T fusion this occurs for T ∼ 14 keV. If T
is assumed to be close to this value, the condition then becomes:
nTτE ≥ 3 ·1021 keV · s/m3 (1.5)
These requirements can be relaxed if the reactor is allowed to use external power Pext together
with the α particles for plasma heating. The power plant would act as an energy ampliﬁer,
characterized by the parameter Q = Pf us/Pext , where Pf us is the thermal energy supplied by
the reactor.
Once T is constrained to reside around the optimum value for the reactivity, it is evident that
equation 1.5 can be satisﬁed with either high density and low conﬁnement time or, viceversa,
with a high conﬁnement time but low density. The latter is the approach that has received
more attention in the last ﬁfty years. The main idea is to employ strong magnetic ﬁelds to
contain the plasma in a well deﬁned volume, with conﬁnement times of the order of one
second or larger, while, at the same time, heating it up to 10-20 keV. This is made possible by
the properties of the motion of electrically charged particles in magnetic ﬁelds.
A charged particle of species s, characterized by mass ms and charge qs , moving in a magnetic
ﬁeld B, describes a helical orbit around the ﬁeld lines. The frequency of this motion for a




The radius of the resulting helix, called Larmor radius, depends on v⊥, the particle velocity
4
1.2. The tokamak
Figure 1.3 – Cross section of a torus with representation of cylindrical (R,Φ, Z) and toroidal (r,
θ,Φ) coordinates





In an inﬁnitely long, cylindrical, uniform magnetic ﬁeld, particles would then be conﬁned in
the direction perpendicular to the magnetic ﬁeld lines (for distances corresponding to their
Larmor radii) but would be unconﬁned in the parallel direction, leading to large plasma losses
and poor conﬁnement.
In magnetic conﬁnement fusion, the most widespread machine concepts tackle this problem
by closing the magnetic ﬁeld lines on themselves in a toroidal shape. Points in a toroidal
geometry can be identiﬁed using cylindrical coordinates (R, Z, φ) or pseudo-toroidal (r, θ, φ),
as shown in ﬁgure 1.3. θ and φ are called poloidal and toroidal directions respectively.
One of the most successful variations of this idea is the tokamak. Its main components and
principle are shown in ﬁgure 1.4. It consists of a toroidal vacuum chamber, and several sets
of coils used to generate the magnetic conﬁguration that will conﬁne the plasma. The name
tokamak, in fact, is the transliteration of a russian acronym that stands for ’toroidal chamber
with magnetic coils’. The vacuum vessel is surrounded by a set of vertical coils that generate
the toroidal magnetic ﬁeld Bφ. Neglecting the disuniformities in the toroidal directions due to
the ﬁnite number of coils, the ﬁeld in a tokamak is axisymmetric with respect to the torus axis.
In such a conﬁguration, though, the magnetic ﬁeld can not be uniform across the torus cross
section. Inside the vacuum vessel Bφ∝ 1/R where R is the major radius of the torus. For this
reason, it is common to refer to the inboard and outboard sides of the torus cross section as
the high ﬁeld side (HFS) and the low ﬁeld side (LFS) respectively. The resulting ﬁeld gradient
and its curvature introduce forces that make the charged particles drift perpendicularly to the
5
Chapter 1. Introduction
Figure 1.4 – Representation of the main coils in a tokamak and the ﬁelds they produce. Poloidal
coils around the vessel produce the toroidal ﬁeld (in blue). Current is ramped into the central
ohmic coils to induce the plasma current and the poloidal ﬁeld (all in green). Finally, horizontal



















where Rc is the radius of curvature of the magnetic ﬁeld lines. Since these drifts depend on
the particles’ charge, in a tokamak they tend to separate vertically electrons and ions. This
generates electric ﬁelds that consequently add an outward radial drift that would degrade
conﬁnement:
vE×B = E ×B
B2
, (1.9)
To counter this, a more complicated magnetic ﬁeld structure is necessary, as shown in ﬁgure
1.4. A poloidal magnetic ﬁeld (Bθ) is generated by inducing a current that ﬂows inside the
plasma. To do so, current is ramped inside the inner poloidal ﬁeld coils that act as the primary
circuit of a transformer, while the plasma acts as the secondary. It is important to notice that
a tokamak requires induced currents to work, hence will not be able to work continuously.
Other strategies are being investigated to overcome this problem for the development of a
reactor-like machine whose operation is not intrinsically pulsed [11]. Finally, vertical ﬁelds
(Bv ) are also added to provide further stabilization and to help control plasma shaping and
position inside the vacuum vessel. In general Bφ >>Bθ >>Bv and the resulting magnetic ﬁeld
is helical. The exact pitch of the magnetic ﬁeld lines varies across the plasma cross section and
is described using the safety factor q: the number of toroidal turns necessary for a magnetic
ﬁeld line to complete a poloidal turn.
Conﬁning the plasma implies the generation of a pressure gradient and, with it, a force that
opposes the conﬁnement. In magnetic conﬁnement devices, this force is balanced by the
action of the magnetic ﬁeld:
∇p = j ×B , (1.10)
where j is the plasma current density. This force balance implies that B ·∇p = 0 and so the
magnetic ﬁeld lines lie on surfaces of constant pressure. Deﬁning ﬂux surfaces as surfaces
such that B is in every point perpendicular to their normal, then all surfaces with constant
p are ﬂux surfaces. In toroidal topology these ﬂux surfaces appear as nested surfaces, The
same property is valid for the ﬂuxes of the toroidal and poloidal components of the magnetic
ﬁeld, respectivelyψ andΦ. These ﬂuxes are often used to label the magnetic surfaces deﬁning










whereψ0 (Φ0) andψLCFS (ΦLCFS) are, respectively, the poloidal (toroidal) ﬂuxes at the mag-
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Figure 1.5 – Examples of shapes obtained varying κ and δ in equations 1.12 for a = 0.25 and
R0 = 0
plasma is effectively conﬁned. In this way ﬂux surface quantities can be described with a
simple 1D model, as functions of the radial variable ρ. Another commonly used normalization
for the plasma minor radius is ρvol , deﬁned as

V /VLCFS where VLCFS is the plasma volume
included in the last closed ﬂux surface.
Tokamaks can generate plasmas with different poloidal cross section shapes and this has
been found to strongly inﬂuence stability and transport. The two most important shaping
parameters are elongationκ and triangularityδ [12]. They can be seen as the ﬁrst twomoments
of the sinusoidal expansion of the poloidal cross section of a given ﬂux surface. For a tokamak
with major radius R0, minor radius a, the analytic form of the last close ﬂux surface is:
R(θ) = R0+a cos(θ+δsin(θ)) (1.12)
Z (θ) = Z0+aκsin(θ)
Examples of the possible plasma shapes that can be obtained varying κ and δ in equations
1.12 are shown in ﬁgure 1.5. Both elongation and triangularity have been found to strongly
inﬂuence the plasma stability [13] and to increase the maximum achievable normalized
8
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pressure β= pB2/2μ0 . For a given plasma current, in fact, it is found that an upper boundary to
β exists [14]: β=βN /(Ip/aB0) where B0 is the magnetic ﬁeld in T, Ip the plasma current in MA,
a the minor radius in m and βN is the normalized β. The value of βN has been estimated to
be ∼3.5 but it can vary for different operational regimes[15]. Plasmas with higher elongation
and triangularity allow the increase of plasma current beyond the limits for circular plasma,
related to the approaching of the edge safety factor to q95 = 2, signiﬁcantly improving the
energy conﬁnement [16]. The possibility of obtaining plasmas with negative triangularity has
been signiﬁcantly less explored, but several studies have shown consistent improvements of
conﬁnement with respect to symmetric, positive triangularity plasmas [17]. The effects of
negative triangularity on stability and transport are central to the scope of this thesis and will
be presented in chapters 4, 5 and 6.
1.3 Motivation of the thesis
One of the long standing issues in the quest for building a reactor powered by nuclear fusion
reactions is achieving sufﬁciently high energy and particles conﬁnement. One of the problems
to be tackled is the radial transport of particles and energy. Neoclassical transport models,
which take into account the diffusion caused by Coulomb collisions between particles in
the particular case of toroidal geometries, fail to predict the transport level experimentally
measured in magnetic conﬁnement fusion machines. Diffusion coefﬁcients are found to
be higher than neoclassical predictions by an order of magnitude or more [18]. This at the
time unexplained contribution is called anomalous transport and is widely accepted to be
due to turbulent phenomena driven by microinstabilities inside the plasma. The plasmas
studied for nuclear fusion applications, are far from thermodynamic equilibrium. The steep
gradients, consequence of conﬁnement, can act as sources of free energy for a broad class of
unstable modes on microscopic scales, of the order of the electron and ion gyroradius. These
microinstabilities cause ﬂuctuations in temperature, density, and in the electric and magnetic
ﬁelds (n˜, T˜ , E˜ , B˜). Those, in turn, affect particle drifts, generating also ﬂuctuations in particles
velocities and plasma currents ( j˜ ). Depending on their relative phase, these ﬂuctuations can

































In equation 1.13, g is a function whose precise form depend on the plasma collisional regime
and the strength of the turbulence (see [18]), and 〈·〉 represents ensemble averaging. The
subscript j indicates the particle species and the superscripts e and b refer to electrostatic and
electromagnetic components of the ﬂuxes respectively. The former, in particular, has been
found to account for most of the observed particle and energy transport [19][20][21].
While plasma ﬂuctuations have been measured in a variety of magnetic conﬁnement ma-
chines and conditions, connections between turbulence characteristics and macroscopic
plasma parameters are still being actively investigated, both experimentally and with the
use of numerical codes based on theoretical models. Thanks to its ﬂexibility, the Tokamak à
Conﬁguration Variable (TCV) [22] is particularly suited for the study of the effects of plasma
shaping on ﬂuctuations. TCV is a medium sized tokamak (major radius R = 0.88 m, minor
radius a = 0.25 m) with up to 1.53 T magnetic ﬁeld on axis and up to 1 MA plasma current. Its
main asset is the unparalleled shaping capability that allows the investigation of plasmas with
elongation 0.9<κ< 2.8 and triangularity [12]−0.7< δ< 1. A more detailed description of TCV
is presented in chapter 2.
These shaping capabilities have been exploited in past experiments, where it was found that
one parameter strongly inﬂuencing electron heat transport is the plasma triangularity (δ)
[17]. In particular, it has been observed that it is possible to get similar electron density and
temperature proﬁles in symmetric positive and negative δ plasmas using only half of the
auxiliary heating power in the latter case [23][3]. In those experiments, the electron heat
transport has been found to be strongly reduced from the edge to ρvol = 0.4 [3]. This is despite
the fact that the magnitude of δ (positive or negative) decreases quickly when moving from
the edge to the plasma interior. These earlier works, however, only focused on macroscopic
quantities related to transport (electron heat ﬂux, electron heat conductivity and electron
energy conﬁnement time) due to the lack of ﬂuctuations measurements on TCV at the time
[17][23][3].
The effects of negative triangularity on transport have also been investigated with ion-scale,
electromagnetic gyrokinetic simulations, using the GS2 [24] and GENE [25] codes. Linear
simulations starting from the experimental proﬁles found trapped electrons modes (TEM) to
be the dominant source of instability in these discharges. Non-linear, local simulations found
a partial stabilization of TEMs in negative triangularity discharges and managed to reproduce
the ﬂux reduction in the edge with respect to the positive triangularty plasmas [4] [6]. Global
simulations qualitatively reproduce the transport reduction also closer to the plasma core [26],
but they are limited by their very high computational costs.
More recently, experimental ﬂuctuations studies have been performed in TCV. The tangential
phase contrast imaging (TPCI) diagnostic has been exploited to investigate the difference
between density ﬂuctuations in positive and negative triangularity [7]. A marked suppression
of ﬂuctuations has been observed in a large radial fraction, also in positions where the absolute
value of triangularity is vanishing. These measurements have been taken in L-mode discharges
10
1.4. Thesis outline
with only electron cyclotron resonance heating as auxiliary heating power. Linear gyrokinetic
simulations showed TEMs to be the dominant instability also in these cases.
The substantial conﬁnement improvements that have been observed make the idea of design-
ing a negative triangularity fusion reactor an attractive possibility [27][28]. Plasma conditions
in a reactor-scale machine are expected to be very different with respect to those in TCV. In
particular it is foreseen that conﬁnement time will be sufﬁciently high to allow thermalization
of ions and electrons, obtaining Te/Ti ∼ 1 in the whole plasma. This condition is expected to
make ion temperature gradient (ITG) driven modes the dominant instability. Even though not
many studies have been performed with negative δ plasmas in these conditions until now,
ﬁrst results appear promising [29][30]. A more thorough investigation of the effects of different
dominant turbulence regimes on ﬂuctuations suppression in negative δ plasmas is necessary.
TCV has been recently upgraded with a 1 MW neutral beam (NB) heating system. It can be used
to explore a wide range of previously unattainable operation spaces, especially characterized
by Te/Ti ≤ 1. The core of this thesis work consists in the study of ﬂuctuations in TCV, in varying
conditions of collisionality and Te/Ti . In particular, the effect of negative triangularity in
plasmas characterized by low Te/Ti has been investigated.
Fluctuations measurements have been obtained with the use of the correlation electron
cyclotron emission (CECE) diagnostic of TCV. This diagnostic is able to measure small (< 1%)
electron temperature ﬂuctuations with low wavenumber (k < 1.12 cm−1, corresponding to
kρi ∼ 0.5 and kρe ∼ 0.01) in a wide range of plasma conﬁgurations. More information on the
CECE technique and its application in TCV will be presented in chapter 3.
1.4 Thesis outline
Chapter 2 presents the main characteristics of TCV, its auxiliary heating systems, and the main
diagnostics whose measurements were used in the experimental data analysis.
Chapter 3 contains a simple description of the principles of electron cyclotron emission (ECE)
and its application in plasma diagnostics, together with the basic concepts of heterodyne
radiometry. The correlation ECE (CECE) technique, used to measure small scale ﬂuctuations
over a large bandwidth, and its main limitations are also introduced. The chapter continues
with a description of the ECE and CECE diagnostics in TCV and of the analysis procedure that
is used to process the CECE measurements.
The results of ﬂuctuation measurements in a series of ohmic discharges with positive and
negative triangularity, using different lines of sight for the CECE diagnostic, are detailed in
chapter 4. Fluctuations were found to be strongly suppressed in negative triangularity dis-
charges, corroborating the results of previous works on similar plasmas. In chapter 5 the
study of the effect of triangularity on conﬁnement and ﬂuctuations is extended to plasmas
with dominant ion heating, studied with both experimental measurements and linear gyroki-
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netic ﬂuctuations. Also in this regime, previously unexplored in TCV, negative triangularity
was found to have beneﬁcial effects on conﬁnement and to suppress ﬂuctuations. A larger
database of ﬂuctuation measurements, coming from discharges covering a large range of
plasma parameters, is analyzed in chapter 6. Negative triangularity is found to have beneﬁcial
effects on conﬁnement over a large range of collisionality and electron-ion temperature ratio.
Conclusions drawn from this work are presented in chapter 7.
This thesis is closed by some appendices. In appendix A, the method used to calculate the
emission volumes of the ECE channels is explained in detail. Appendix B presents some of the
characterization of waveguides and components of the ECE radiometers, performed as part of
this thesis work. In appendix C a method is presented to exploit the variety of plasma positions
available in TCV and the ﬂexibility of the CECE lines of sight to estimate the rotation velocity of
the plasma using the propagation speed of ﬂuctuations between the CECE channels. Finally, a
model to test the sensitivity of the different lines of sight of TCV over a simple ﬂuctuating ﬁeld
is introduced in appendix D.
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2 Tokamak à conﬁguration variable
(TCV) and experimental apparatus
The work contained in this thesis is based on experiments performed at the Swiss Plasma
Center (SPC) on the Tokamak à Conﬁguration Variable (TCV) [22]. A sketch of the tokamak
is shown in ﬁgure 2.1. TCV is a medium-sized tokamak whose main characteristic is the
possibility of studying plasmas in a large variety of shapes, including extreme elongation
and negative triangularity. This is possible thanks to its elongated vessel (∼ 0.5 m of width
versus ∼ 1.5 m of height), labeled by C in ﬁgure 2.1, and its unique set of 16 shaping coils
(D). These coils are distributed evenly between the LFS and HFS and have independent
power supplies, thus allowing the realization of complex magnetic ﬁeld geometries. Beyond
obtaining extreme values of elongation and triangularity, they also allow the exploration of
exotic divertor conﬁgurations. The inner wall of TCV is covered with graphite tiles. Carbon,
released by the tiles, constitutes the main impurity in the plasmas. The main parameters of
TCV are summarized in table 2.1.
2.1 Auxiliary heating systems
TCV is equipped with a very versatile auxiliary heating system, that allows the exploration of a
large range of plasma parameters in the many different conﬁgurations that the tokamak can
reproduce. It comprises both an electron cyclotron resonance heating (ECRH) system and a
neutral beam injector (NBI or NBH) for ion heating.
2.1.1 Electron Cyclotron Resonance Heating system
The Electron Cyclotron Resonance Heating (ECRH) system of TCV consists of seven gyrotrons.
Four produce microwaves at 82.7 GHz for heating at the second harmonic of the electron
cyclotron resonance frequency, and three at 118 GHz to heat instead at the third harmonic.
All are equipped with gratings in the matching optics units (MOUs)that can control the
polarization of the radiation entering the vessel to optimize the coupling to the plasma. In
particular, extraordinary mode (X-mode) shows better absorption at the second and third
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Figure 2.1 – Sketch of TCV with some of its main components highlighted. A) Central solenoid,
acting as a transformer primary circuit in the induction of the plasma current. B) Toroidal ﬁeld
coils. C) Vacuum vessel. D) Shaping coils, also called poloidal ﬁeld coils. E) Ports for access
into TCV. F) In-vessel poloidal ﬁeld coils.
Figure 2.2 – Drawing of the different positions available to ECRH launchers in TCV.
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Parameter Symbol Value
Major radius R0 0.88 m
Minor radius a 0.255 m
Aspect ratio 1/=R0/a ≤ 3.5
Vessel height h 1.54 m
Vessel elongation κTCV 3
Vessel base vacuum pTCV ≤ 10−7 mbar
Toroidal ﬁeld on axis B0 ≤ 1.54 T
Loop voltage Vloop 1-2 V
Plasma current Ip ≤ 1 MA
Ohmic heating power POH ≤ 1 MW
NBH heating PNBH ≤ 1 MW
ECRH X2 heating PX2 ≤ 2.4 MW
ECRH X3 heating PX3 ≤ 1.4 MW
Plasma species D (He,H)
Main impurities C,B
Plasma elongation κa 0.9-2.8
Plasma triangularity δa -0.8 +0.9
Electron density ne ≤ 2 ·1020 m−3
Electron temperature (OH) Te ≤ 2 keV
Electron temperature (ECRH) Te ≤ 15 keV
Ion temperature (OH-ECRH) Ti ≤ 1 keV
Ion temperature (+ NBH) Ti ≤ 3.7 keV
Plasma frequency fpe 30-120 Ghz
Electron Larmor radius ρe 50-250 μm
Ion Larmor radius ρi 2-7 mm
Table 2.1 – Main TCV technical specs and plasma parameters. [2]
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Figure 2.3 – Schematic of the launchers directing ECRH power into TCV. The injected beam
can be rotated over θ and φ.
harmonic than ordinary mode (O-mode) and is hence used in TCV. Furthermore, using X-
mode allows the X2 gyrotrons to inject radiation from the LFS avoiding cutoff layers. Two
X2 gyrotrons are connected to equatorial launchers, while the remaining two are connected
to upper lateral launchers, as shown in ﬁgure 2.2. The launchers’ schematics and movable
angles are shown in ﬁgure 2.3. The last of their four mirrors can rotate between 7 and 55
degrees (θ) allowing one to select the absorption location of EC radiation on the resonant
layer. The launchers can also rotate around their axis (φ), adding a toroidal component to the
injected radiation that can induce additional current inside the plasma. This is called Electron
Cyclotron Current Drive (ECCD). The radiation produced by the three X3 gyrotrons is instead
directed by a mirror positioned at the top of the vessel, as shown in ﬁgure 2.2. This mirror
can be displaced radially (only between one discharge and the next) and rotated (also during
a discharge). The X3 gyrotrons are normally used to heat the plasmas in discharges where
density is too high and X2 radiation cannot reach its resonance due to the presence of cutoff
layers. Two of the X2 gyrotrons produce up to 750 kW, the other two up to 450 kW. Each of
these couples of gyrotrons has access to an equatorial and an upper lateral launcher, as shown
in ﬁgure 2.2. The X3 gyrotrons can produce up to 450 kW.
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Figure 2.4 – Drawing of the NBI system in TCV with the designed shape of the produced beam.
2.1.2 NBI
A NBI heating system, whose 3D render is shown in ﬁgure 2.4, has been installed in TCV
in 2015 [31]. It is able to produce up to 1 MW of ion heating through the injection of fast
deuterium atoms. The exact energy of the ions varies with the injected power from ∼ 10 keV at
100 kW to 24 keV at 1 MW. The beam injects neutrals tangentially with respect to the plasma,
thus acting also as a strong source of momentum. This addition opened the possibility to
study plasmas characterized by Te/Ti ≤ 1. Previous standard scenarios of TCV were instead
characterized by Te >> Ti . This is of particular interest since in a future reactor-like machine
the conﬁnement time should be high enough to guarantee equilibrium between ions and
electrons temperatures.
2.2 TCV diagnostics
TCV is equipped with a large set of diagnostics able to measure numerous plasma character-
istics. These diagnostics have been speciﬁcally designed to be able to achieve meaningful
measurements in all the combinations of shapes and plasma positions available to TCV. In the
following, the main diagnostics of TCV, whose measurements have been used in this work,
will be brieﬂy introduced.
2.2.1 Magnetic probes
Magnetic measurements in TCV are taken by a total of 228 magnetic probes, measuring the
poloidal magnetic ﬁeld tangent to the vessel. They are positioned inside the vacuum vessel,
behind the graphite tiles, in several poloidal and toroidal arrays.Four poloidal sections of the
machine, separated by 90°, are equipped with thirty-eight probes each, as shown in ﬁgure
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Figure 2.5 – Layout of the magnetic probes of TCV in the poloidal and toroidal arrays [1]
2.5a. They provide data used for equilibrium reconstruction. The other probes are divided
in six toroidal arrays. Three are located on the LFS, at the equatorial plane of the machine
and 35 cm above and below it. Each consists of sixteen equidistant probes, plus a seventeenth
at an irregular distance to increase the resolution of toroidal mode numbers. The remaining
three toroidal arrays, consisting of only eight equidistant probes each, are located on the HFS
at vertical positions equivalent to the LFS ones [1]. An example of the LFS and HFS toroidal
arrays is shown in ﬁgure 2.5b. In addition to these arrays, TCV is also equipped with three
toroidal arrays of eight saddle coils to measure the radial ﬂux derivative (used to deduce BR ),
again at z = 0, z=-35 cm and z = 35 cm. Acquisition frequency for all of these probes can reach
up to 1 MHz but is routinely set at 250 kHz.
The main applications of these measurements is to provide data for the plasma equilibrium
reconstruction, using the Grad-Shafranov solver LIUQE [32][33][34], estitmate the plasma
current and detect MHD activity during discharges.
2.2.2 Far infrared interferometer
A 14 channel Mach-Zender interferometer, based on a continuous wave far infrared (FIR) laser,
emitting at 184.3 μm, is used on TCV to obtain line-integrated electron density measurements
along 14 vertical chords, shown in ﬁgure 2.6b [35]. For the laser frequency and polarization
selected, the phase difference between a reference beam and those that have traversed the
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plasma can be directly related to the line-integrated electron density. The interferometer
signals are acquired at 20 kHz. The signal coming from its central line (entering the plasma at
R = 0.9 m), shown in red in ﬁgure 2.6b, is used for real time control of plasma density during
the discharges.
2.2.3 Thomson scattering
The main source of local measurements of electron density and temperature in TCV is the
Thomson scattering system [36]. The diagnostic is based on the collection of scattered laser
radiation by the plasma electrons. Electromagnetic radiation interacts with charged particles
by accelerating them. In turn, they emit radiation in all directions as scattered light [37].
If the laser wavelength is negligible with respect to the Debye length, then the emissions
from different electrons will be uncorrelated and the process is called incoherent Thomson
scattering. In this case, the intensity of the scattered radiation is proportional to the local
electron density, while the spectral broadening of the scattered radiation with respect to the
incident laser light can be used to measure the electron temperature. TCV is equipped with
three Nd-YAG lasers emitting 1064 nm light at up to 20 Hz with almost overlapped optical paths.
The laser beams enter the vessel from the bottom at R∼0.9 m. Wide angle lenses positioned in
three different horizontal ports focus some of the scattered radiation onto sets of optical ﬁbres
connected to 96 spectrometers. The lines of sight cover the vessel from -0.35 m to 0.55 m, as
shown in ﬁgure 2.6a, allowing the reconstruction of temperature and density proﬁles in TCV
plasmas. Each channel covers between 6 and 12 mm along the laser line. The three lasers can
be triggered independently to reach a 60 Hz sampling frequency, or simultaneously, to obtain
a higher signal-to noise ratio in low density plasmas. The diagnostic is regularly calibrated
using Raman scattering on N2 ﬁlling the TCV vessel. Furthermore special reference discharges
are used to verify the existence of drifts. Correction factors for the density measurements are
obtained through the comparison with the line integrated density measurements obtained
using the FIR.
2.2.4 Electron cyclotron emission (ECE) and Correlation ECE diagnostics
While the Thomson scattering system provides accurate, local, measurements of electrons tem-
perature and density, its temporal resolution is limited by the lasers ﬁring rate. To study faster
modiﬁcations of the electrons temperature proﬁle, such as MHD modes, TCV is equipped
with an ECE diagnostic. It analyses the EC spectrum passively emitted by the plasma electrons.
The different frequency components of this spectrum correspond to different radial positions.
The intensity of these components, if the plasma can be considered "optically thick", can
be related to the local electron temperature. In TCV the ECE diagnostic uses 24 channels,
acquired at 200 kHz.
In addition to a standard ECE diagnostic, TCV is also equipped with a six channels Correlation
ECE system. This is a ﬂuctuations diagnostic, sensitive to low-wavenumber modes. Using
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Figure 2.6 – a) In green the optical path of the Thomson scattering diagnostic laser into a TCV
plasma. In red the fraction of the beam path covered by the lines of sight of the diagnostic,
shown in blue. b) Lines of the FIR diagnostic in TCV measuring the integrated electron density.
In red the central line used for real time density control of the plasma discharges [2].
spectral decorrelation techniques, it is able to measure small electron temperature ﬂuctuations
(δTe/Te < 1%) over a large fraction of TCV cross section. More details on these diagnostics and
their working principles are presented in chapter 3.
2.2.5 Charge Exchange Recombination Spectroscopy
TCV is equipped with a charge exchange recombination spectroscopy (CXRS) diagnostic that is
used to obtain local measurements of impuritiy temperature, density and rotation velocity [2].
The diagnostic is based on the collection and analysis of line radiation emitted by recombined
impurity ions going through a charge exchange reaction with an energetic neutral hydrogen
atom. In TCV these fast neutrals are supplied by a low power (≤ 80 kW) diagnostic neutral
beam (DNB) that injects ∼50 keV hydrogen atoms radially into the tokamak. Due to its low
power, the plasma is not signiﬁcantly perturbed by the DNB. This allows the study of intrinsic
plasma rotation in discharges without external momentum sources. In TCV the main impurity
is carbon coming from the graphite tiles, so emission at the CVI line (529.06 nm) is normally
used in CXRS measurements. The CXRS diagnostic of TCV is made up of four different systems:
two toroidal, looking at the plasma from the LFS and HFS respectively, and two poloidal, one
of which speciﬁcally designed to take measurements in the plasma periphery. The lines of
sight of three of these systems are summarized in ﬁgure 2.7. The measurements used in this
work have been taken using system 1, also known as LFS CXRS. The time resolution of the
diagnostic is limited, by photon statistics, to 30-60 ms.
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Figure 2.7 – Viewlines of three of the CXRS systems of TCV [2].
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3 Electron Cylclotron Emission (ECE)
and Correlation ECE diagnostics prin-
ciples and their application in TCV
3.1 Introduction: diagnostic applications of ECE
Many plasma diagnostics work by deriving information on plasma characteristics from passive
or stimulated electromagnetic radiation emission. An important component of the passively
radiated power in plasmas is the so called Electron Cyclotron Emission (ECE). In plasmas, elec-
trons continuously emit electron cyclotron radiation at their gyration frequencyΩc = qeB/me
depending mainly on the intensity of the local magnetic ﬁeld. Since in magnetic conﬁnement
machines the magnetic ﬁeld is externally imposed through the toroidal ﬁeld coils and its value
at each point can be reconstructed (starting from magnetic probes measurements), different
frequency components of the ECE spectrum can be associated with speciﬁc emission volumes.
In a tokamak, for example, the total magnetic ﬁeld is dominated by its toroidal component,
which decreases monotonously (B ∝ 1/R) from the high ﬁeld side to the low ﬁeld side as
shown in ﬁgure 3.1. Thus, higher ECE frequencies will correspond to an emission layer at
lower R positions and vice versa. For any given frequency, the emission layer will always have
a ﬁnite radial width due to broadening effects. The most important, in a tokamak plasma, are
Doppler and relativistic broadening [38]. In ECE diagnostic applications, radiation is usually
collected using lines of sight perpendicular to the main magnetic ﬁeld, thus greatly reducing
the effects of doppler broadening.
Relativistic broadening is related to the fact that electrons at a speciﬁc radial location do
not have uniform energy but, instead, a distribution of energies around a mean value. The
distribution will include electrons whose energy is sufﬁcient to make relativistic mass increase




1− ( vc )2
(3.1)
Energetic electrons will hence emit at reduced frequencies. This effect is commonly referred
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Figure 3.1 – Intensity of the magnetic ﬁeld over the cross-section of the vessel of TCV. Particles
in plasma regions of constant B will emit EC radiation at the same frequency ∝ 1/R where R is
the major radius.
to as relativistic downshift. Every frequency component of the ECE spectrum will then contain
contributions coming from energetic electrons residing on the neighbouring layers on the
HFS. This causes a broadening of the effective emission volume. This effect is stronger the






where f is the detection frequency and Te the electron temperature in eV. Taking as an example
a plasma with Te = 1keV , the relative frequency variation would be Δ frelf ∼ 0.8%, correspond-
ing, for a resonance at 80 GHz, to ∼ 640 MHz. Such a broadening, for TCV, would expand
the ideal emission line by ∼0.75 cm. In more unfavourable conditions, these broadening
mechanisms, can widen the ideal line emission by several centimetres. Still, more precise
radial localization of ECE emission would still be possible, if the plasma can be considered
to be optically thick. The deﬁnition of optical thickness (or optical depth) is related to the
radiation transport properties of plasmas.
A body that emits a certain radiation spectrum, also absorbs it in the same frequency range.
Hence, part of the EC radiation emitted at a frequency ω is reabsorbed before reaching the
collection optics. For an antenna looking at a plasma slab, as shown in ﬁgure 3.2, one can
consider the balance between the emission and absorption processes along a ray trajectory
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Figure 3.2 – Simple representation of the optical depth seen by the collection optics for
emission along a ray identiﬁed by the curvilinear coordinate s.
characterized by the curvilinear coordinate s [37][38]:
dI
ds
= j (ω)− Iα(ω) (3.3)
Here α(ω) is the absorption coefﬁcient, j (ω) is the plasma emissivity and I (ω) the radiation





the intensity of the radiation leaving a medium, with uniform j/α, at a position s2 can be
expressed as [37]:




where I (s1) is the radiation incident to the medium along the ray. If τ1−τ2 >> 1 all contribu-
tions coming from outside the medium are dampened, together with the radiation originating
in the body farther from the collection optics. It is normally assumed that radiation emitted
from plasma regions for which τ> 2 will be almost completely reabsorbed before reaching
the collection optics. For a broadened ECE layer, then, only radiation emitted from regions
where τ≤ 2 will effectively contribute to the collected radiation intensity. Plasmas are then
said to be optically thick for a given frequency if τ≥ 2. The plasma, in this case, behaves like
a blackbody at the frequency considered since it is perfectly absorbing. This implies that, if
the electrons can be considered to be in thermodynamic equilibrium, for low frequencies






This is particularly convenient in the case of ECE from an optically thick plasma. The measured
intensity of the collected radiation, in fact, will be proportional to the temperature of the
electrons that have emitted it. Once the antenna pattern of the collection optics is well
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established, its intersection with the emission layer deﬁnes the emission volumes for a speciﬁc
frequency. More details on the calculation of the plasma absorption coefﬁcient and the
estimate of the emission volumes in TCV is presented in appendix A.
In conclusion, collection and analysis of ECE in magnetic conﬁnement machines has an
important diagnostic value. The ECE spectrum can be divided into frequency components
which will correspond to emission from localized plasma volumes, and their intensity will give
information on the local electron temperature. A common method of collection and analysis
of ECE in magnetic fusion devices is heterodyne radiometry which will be the subject of the
next section.
3.2 Heterodyne radiometry
ECE has been measured since the 60s [41] and its potential as an electron temperature di-
agnostic was realized in the following decade [42][43][44]. Since then, the techniques used
have evolved considerably, converging, in the more recent devices, on the use of heterodyne
radiometry, even though some exceptions still exist [45].
The ECE from plasmas relevant for nuclear fusion studies usually covers the range from 30
to 200 GHz, corresponding to the millimeter-wave range. A heterodyne radiometer collects
radiation in a given frequency band, the radio frequency (RF) band, and shifts it to a lower
frequency one, called intermediate frequency band (IF), where simpler components can be
used to process it. The collected RF is downconverted using a mixer: a non-linear device that
combines two inputs in the RF range and outputs power at the sum and difference frequencies.
In this kind of application, ECE radiation is combined with the monochromatic emission of a
coherent local oscillator (LO). Often a ﬁlter is placed before the mixer to select only RFs either
higher or lower than the LO frequency. These radiometers are called single-sideband receivers,
otherwise double-sideband receivers. Of particular importance is that the mixing process
is linear (power in the IF is proportional to power in the RF) and phase-coherent (especially
valuable for applications in interferometry and reﬂectometry).
The main components of a heterodyne radiometer are shown in ﬁgure 3.3. The ﬁrst section
of a radiometer, up to the mixer, is normally referred to as the RF section. After that, the
downconverted signal is usually ampliﬁed, band-pass ﬁltered and rectiﬁed, in what is called
the IF section. Note that, for a ﬁxed LO frequency, the IF ﬁlter bandwidth is what eventually
selects the RF bandwidth whose intensity the radiometer will measure. Multiple IF branches,
each with a band-pass ﬁlter centred on a different frequency, constitute the different channels
of a heterodyne radiometer. The place of origin of the power sent to each channel, and thus
the spatial localisation of the measurement, is determined by the bandwidth of the IF ﬁlters.
What comes after the detection is the video stage of the radiometer. There the signal is further
ampliﬁed and then usually low-pass ﬁltered to improve the signal to noise ratio, deﬁning the
bandwidth of the rectiﬁed signal before the acquisition.
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Figure 3.3 – Schematics of the main componenents of a heterodyne radiometer for ECE
applications.
The very high sensitivity, good spatial localisation and possibility of having high temporal
resolution have made heterodyne radiometry the technique of choice for the study of ECE
emission from plasmas[46].
3.3 CorrelationECE technique for the studyof smallTe ﬂuctuations
One of the main limits of ECE radiometery is the relatively high minimum detectable tempera-








where Bvid is the video bandwidth and BIF the IF ﬁlter bandwidth. The factor 2 in the
numerator arises when Bvid is small with respect to BIF [47]. For example, for a radiometer
that works with Bvid = 100 kHz and BIF = 750 MHz, as in TCV, this would result in a minimum
detectable ﬂuctuation δTeTe ∼ 1.6%. In tokamak plasmas, ﬂuctuations of interest for the study
of core turbulent transport are expected to have relative amplitudes well below 1%, thus
impossible to detect with a similar conﬁguration. Furthermore, using a 750 MHz wide IF
ﬁlter signiﬁcantly limits the spatial resolution of the channel as seen in section 3.1. In the
following it will be assumed that the conditions mentioned in section 3.1 are respected and so
ﬂuctuations in the ECE signals can be interpreted as electron temperature ﬂuctuations. The
case of plasmas with lower optical depth is treated in section 3.3.2.
In the 1990s several groups independently proposed the idea to use cross correlation analysis
techniques to overcome the minimum detectable ﬂuctuation limitations [48][49]. The main
idea is to combine two ECE signals S1 and S2 containing the same information about plasma
temperature and its ﬂuctuations (δT ), but independent thermal noise (N1 and N2) such that
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〈NδT 〉 = 0 and 〈N1N2〉 = 0, where 〈·〉 represents the cross correlation calculated over a ﬁnite
time period [39]. In this way one obtains:
〈S1S2〉 = 〈(δT )2〉+〈N1δT 〉+〈N2δT 〉+〈N1N2〉 ∼ 〈(δT )2〉 (3.8)
When this type of analysis is performed, the minimum detectable ﬂuctuations is reduced










In equation 3.3, there are two main components on which one can act to reduce the minimum
detectable ﬂuctuation level. The ﬁrst is maximizing the number of samples used in the
correlation analysis Ns . This requires to work with discharges as stable as possible and
an acquisition system with high sample frequency. For example, on TCV, the acquisition
frequency is set at 1.75 MHz so that averaging over 500 ms would reduce the minimum
detectable ﬂuctuation by more than a factor 30. It is important to notice that averaging
over relatively long time records means the loss of temporal resolution for the ﬂuctuations
measurements.
To optimize the second term, one would have to work with a high BIF and a low Bvid but, as
it has already been mentioned, BIF needs to be small enough to actually resolve ﬂuctuating
structures. For tokamaks, ﬂuctuations are known to exist in a wide range of scales that goes
from the electron gyroradius to several times the ion gyroradius, corresponding, in the core
of TCV, to ∼60 μm and ∼3 mm respectively. To be able to resolve at least the ﬂuctuations on
the ion gyroradius scale, where k⊥ρi ≤ 1, it is necessary to use ﬁlters with BIF small enough
to guarantee that the radial extension of the emission volumes would be smaller than 1 cm.
For most machines this requires using ﬁlters with 100 MHz< BIF < 200 MHz. At the same
time Bvid needs to include the whole frequency range where the ﬂuctuations of interest are
observed, possibly extending over several hundreds of kHz. On TCV BIF = 100MHz and
Bvid = 450 kHz.
Different techniques have been developed and successfully employed to obtain ECE signals
apt for correlation analysis: spectral decorrelation and detector decorrelation. In the detector
decorrelation technique, the two ECE signals to be correlated come from exactly the same
plasma volume and hence contain the same information on temperature ﬂuctuations. This
can be achieved by having two identical radiometers with crossed lines of sight, viewing the
same plasma volume with sufﬁcient angular separation to obtain decorrelated thermal noise
in the two channels. This technique was originally developed in the stellarator W7-AS [49].
Spectral decorrelation systems, instead, use a single radiometer and line of sight. The signals
to be correlated come from two different channels whose IF ﬁlters are narrow and centered
around frequencies close to each other, while still not overlapped. The idea is to probe plasma
volumes that are physically separated (thus emitting uncorrelated thermal noise) but close
enough to contain the same local temperature ﬂuctuations. This can be achieved using
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channel separation of the order of the expected ﬂuctuations’ correlation length. This design
was ﬁrst used on TEXT [48] and has become the most widespread design in other machines
such as TCV [50], Alcator C-Mod [51], Asdex Upgrade [52], DIII-D [53], LHD [54].
3.3.1 Wavenumber sensitivity
The spectrum of the detectable ﬂuctuations is not only limited by the radiometer charac-
teristics, but also by those of the line of sight through which the plasma is observed. The
ﬁnite size of the plasma emission volumes limits the spectrum of wavenumbers that can be
observed both in the radial and in the poloidal directions. Fluctuating structures are normally
considered to be strongly elongated along the magnetic ﬁeld lines, so the effects of ﬁnite
emission volume dimensions are normally negligible in the direction parallel to the magnetic
ﬁeld. The effect of ﬁnite spatial resolution in a given channel can be taken into account using
a simple model [8]. For a quantity ntrue(r , t ), the measured signal nm is considered to be an
average weighted by a three dimensional gaussian proﬁle whose 1/e folding lengths are wx ,
wy and wz :











′, t ) (3.10)
Consequently, the measured spectral power density Sm(k ,ω)= |nm(k ,ω)/n|2 will differ from







2 Strue(k ,ω) (3.11)
Thus the measured spectral power is attenuated by a factor e−(kw )
2/2. The diagnostic is said to
be sensitive only to modes with wavenumbers [8][39]:
kx,y,z ≤ 2/wx,y,z (3.12)
As already mentioned in section 3.1, the dominant contributions to the radial width of the
emission volumes, apart from the IF ﬁlter bandwidth and when the line of sight is perpendicu-
lar to the magnetic ﬁeld, is relativistic broadening. This is often negligible in standard ECE
radiometry applications, where the bandwidth of each channel is usually of several hundreds
MHz, but not in Correlation ECE applications, where channel bandwidths are often 100-200
MHz. The dimensions of the emission volumes in the other directions are instead ﬁxed by the
antenna pattern.
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3.3.2 Effects of density ﬂuctuations on CECE ﬂuctuations measurements
One of the main difﬁculties in the interpretation of the radiative temperature ﬂuctuations
measured by CECE diagnostics is to properly take into account the effects of plasma density
ﬂuctuations. For emission at the second X-mode harmonic the absorption coefﬁcient α, and
hence the optical depth τ, depend on density and temperature. If τ is not high enough at the
emission volume position, then density ﬂuctuations contribute to a non-negligible fraction of








In this formula A2 is a function of the optical depth and the reﬂectivity of the machine walls








It approaches 0 when the plasma is optically thick.
By applying correlation analysis to two signals, each with its own ﬂuctuations δI1 and δI2, to






















Here the ﬁrst two terms contain the contributions of temperature and density ﬂuctuations
respectively, while the third term represents an additional contribution related to the cross-
correlation of density and temperature ﬂuctuations. This result implies that, to be able to
precisely associate ECE radiation ﬂuctuations with temperature ﬂuctuations in an optically
thin plasma, it is necessary to have simultaneous measurements of the density ﬂuctuations
from the same plasma volume. For high reﬂectivity machines (normally with metal walls
χ> 0.9), τ≥ 2 is usually considered a sufﬁcient condition to interpret the radiative temperature
measurements as electron temperature. The requirements on τ are stricter when consider-
ing ﬂuctuations. Assuming density and temperature ﬂuctuations to be perfectly in phase
(〈δTeδne〉 = δTeδne), equation 3.15 can be used to estimate the maximum contribution of




to the relatively low optical thickness of TCV plasmas at the edge, measurements of the CECE
diagnsotic will be interpreted only as ﬂuctuations ofradiative temperature. An estimation of
the maximum contribution of density ﬂuctutations on the measured radiative temperature
ﬂuctuations will be presented.
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Figure 3.4 – Schematics of the RF section of the standard LFS ECE radiometer on TCV.
3.4 ECE diagnostics in TCV
TCV is equipped with several ECE diagnostics, all detecting emission at the second harmonic
of the extraordinary mode (X2). A standard ECE radiometer views the plasma from the low ﬁeld
side (LFS), perpendicular to the magnetic ﬁeld, with two alternative lines of sight: one at the
vessel midplane, the other 21 cm above it. The two lines of sight are designed to optimize the
ECE measurements in plasmas whose axis lie in the two most common positions used in TCV
(zaxi s = 0 and zaxi s = 0.23 m). A picture of the end of these lines, where they interface with the
TCV vessel is shown in ﬁgure 3.9. A more detailed description of these lines will be provided in
3.5.1. The radiometer’s 24, 750 MHz wide, channels cover the 66-102 GHz range, corresponding
to the whole plasma cross-section for discharges with standard magnetic ﬁeld in TCV (Baxi s =
1.45 T). The incoming signals are digitized at 200 kHz. The raw measurements are cross-
calibrated against the Thomson scattering measurements [57].This radiometer is mainly used
for the reconstruction of temperature proﬁles with 200 kHz temporal resolution. Each channel
covers a fraction of the normalized minor radius between 0.005 and 0.1, depending on its
frequency. Schematics of the RF and IF stages of the standard ECE radiometer of TCV can
be found in ﬁgures 3.4 and 3.5. A similar radiometer, with higher frequency local oscillators
(covering the 78-114 GHz range), views the plasma from the HFS, again alternatively from z
= 0 or z = 21 cm. The choice of having two radiometers viewing plasmas from two different
sides was made to allow a greater ﬂexibility in the possible applications of the system. The LFS
system makes it possible to study the bulk plasma temperature even in conditions where ECRH
or ECCD generate a signiﬁcant fraction of suprathermal electrons, as mentioned in section 3.1.
Radiation emitted from suprathermal particles in fact, whose frequency is downshifted due to
relativistic effects, is reabsorbed by lower frequency resonant layers when propagating towards
the LFS. Emission from these electrons can instead propagate towards the HFS without being
reabsorbed. Thus, the HFS system can observe radiation emitted by these fast particles, giving
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Figure 3.5 – Schematics of one of the two IF sections of the standard LFS ECE of TCV. Each of








Figure 3.6 – Picture of one of the two IF sections available for the LFS ECE diagnostic on TCV.
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Figure 3.7 – Summary of the CECE system in TCV from the vessel to the RF sections of the
radiometers.
the possibility to compare the results between LFS and HFS data coming from similar volumes
in the plasma [58][59].
A vertical line of sight is also available on TCV [60]. It consists of a focusing ellipsoidal mirror
and a telescope system with a view from the top of the vessel, perpendicular to the magnetic
ﬁeld. A beam dump (reﬂectivity < 0.1%) is placed at the bottom of the vacuum chamber. This
line of sight can be considered to be looking along a surface of constant magnetic ﬁeld. The
broadening of the ECE spectrum measured by this line of sight is produced by the distribution
of electrons’ energies along the line of sight. These signals can then be used to gather informa-
tion on the suprathermal electron population. [61]. This antenna is presently connected with
two independent radiometers with six channels each, still undergoing commissioning.
Stray radiation injected by the gyrotrons, would damage the mixers if collected. To
3.5 Correlation ECE in TCV
TCV is equipped with a CECE diagnostic, detecting X2 radiation. Its main features include
a steerable line of sight, shared with a reﬂectometry system, and a set of six independently
frequency tunable, narrow band IF ﬁlters. The main goal of this system is to study electron
temperature ﬂuctuations in a large section of the radial proﬁle and in a variety of plasma con-
ﬁgurations, exploiting the ﬂexibility provided by the multiple lines of sight and the possibility
of precisely choosing the measurement location for each channel in every discharge. Part of
this thesis work consisted in the commissioning of the CECE radiometers, upgraded in 2016.
After testing the components’ performances at the frequencies of operation, the radiometers
have been assembled and connected to the dedicated waveguides in TCV. Details on these
tests and their results are presented in appendix B.
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Figure 3.8 – Picture of one of the two RF sections available for the CECE on TCV. Radiation en-
ters the high pass ﬁlter after the notch ﬁlters and, after mixing and ampliﬁcation, is transferred
to the IF section.
3.5.1 Lines of sight and radiometers
A schematic diagram of the different lines of sight available to the CECE in TCV and the
corresponding radio frequency sections is shown in ﬁgure 3.7. The CECE system can use three
different lines of sight. The ﬁrst two are the horizontal lines of sight already mentioned in the
description of the standard LFS ECE diagnostics in section 3.4. The equatorial line employs a
Teﬂon lens focusing the emitted radiation into a circular 2.5 cm waveguide. The z = 21 cm
line, instead, uses a Gaussian horn and an elliptical mirror to focus radiation into a similar
waveguide. Due to their antenna pattern, the z = 0 and z = 21 cm antennas are sensitive to
modes with kθ < 0.4 cm−1 and kθ < 0.3 cm−1 respectively [8], where kθ is the poloidal wave
number, as used in equation 3.11. Calculations for the gaussian beam propagation at 80 GHz
have been used to compute the maximum wavenumber limit for the z = 0 line. Their result
is shown in ﬁgure 3.10. The choice of the viewing line is made using a remotely controlled
waveguide switch. As mentioned in section 3.4, these horizontal lines carry radiation to the
standard LFS ECE radiometer. This radiometer, as shown in ﬁgure 3.4, has two RF sections
with different LO frequencies. The power going into the lower frequency branch (63.9 GHZ LO)
is split in two by a directional coupler after the mixing stage: half of it goes into the standard
ECE channels while the other half can be directed to the IF section of the CECE as shown in
ﬁgure 3.7.
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Figure 3.9 – Picture of the entrance of the horizontal z = 0 and z = 21 cm LFS lines of sight for
the ECE systems. The z = 0 one looks through a polyethilene lens directly into the plasma. The
one above it looks into a gaussian horn connected to a piece of waveguide rising up to z = 21
cm.
















Figure 3.10 – Antenna pattern calculated for the z = 0 LFS horizontal line. The solid line
represents the distance from the axis where ∼ 95% of the beam power is contained (2σ), the
two dashed lines contain respectively 3 and 4 σ. The beam propagation has been calculated
using gaussian beam theory starting from the aperture of the waveguide.
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Steerable antenna
The third line of sight available to the CECE system is based on a steerable antenna. Its
schematics are shown in ﬁgure 2.3. The antenna is located on the LFS, perpendicular to the
wall, 45 cm above the chamber mid plane. It is a converted ECRH launcher and its position
mirrors that of the upper lateral launchers of TCV shown in ﬁgure 2.3. Its line of sight can
be moved by changing the angle of the last mirror (θ in ﬁgure 2.3) and by rotating the whole
antenna body around its axis (angle φ in ﬁgure 2.3). The angle θ can be varied between 7
and 55° with respect to the antenna axis, while φ can vary between −90 and 90° with respect
to the horizontal plane perpendicular to the LFS vessel wall. This allows one to accurately
select the measurement location in all plasma conﬁgurations in TCV and, additionally, to
perform oblique ECE measurements [62]. The effective vertical size of the emission volumes
observed with this line strongly depends on θ, the selected channels’ frequencies and the
plasma position. In optimal conditions it can resolve modes with kθ < 1.12cm−1 at 70 GHz.
The collected radiation is transmitted to the CECE along a HE11 63.5 mm inner diameter
corrugated waveguide, shown in ﬁgure 3.11a. To guarantee optimal coupling between the
emitted radiation and the diagnostic systems in all discharges, the transmission line contains
two remotely controlled polarizers, one linear and one elliptical, whose orientation can
be varied during a discharge (0.1 s for 90° polarization rotation) [63]. They are needed to
obtain optimal coupling between the X-mode emission coming from the plasma and the
transmission line. Given a reference discharge it is possible to calculate the optimal polarizers
setting for the selected viewing angle [64]. The transmission line is coupled to the diagnostic
through a telescope, shown in ﬁgure 3.11b. A pair of elliptical mirrors direct the radiation to
a grid polarizer that separates vertical and horizontal polarizations. The two halves of the
incoming signal are directed to two gaussian horns, respectively connected to WR-10 and
WR-15 rectangular waveguides. The former is connected to the CECE RF section which is
made up of two separate front ends with different local oscillators (working at 61 GHz and 82
GHz respectively) as shown in ﬁgure 3.7. The mixing stage can be switched between discharges.
A picture of one of these RF sections is shown in ﬁgure 3.8.
The WR-15 horn is instead connected to a reﬂectometer [65]. The presence of this system in
parallel with the CECE allows the design of discharges where simultaneous measurements
of temperature and density ﬂuctuations in the same plasma volume can be performed. By
applying correlation analysis techniques to such signals it is possible to calculate the n-T
ﬂuctuations crossphase. Even though it is not the main topic of this thesis, this measurement
is of particular interest since it relates directly to the turbulent transport terms shown in
equations 1.13 and can be compared with the predictions of gyrokinetic simulations [66].
3.5.2 Intermediate frequency section
The downconverted radiation coming from the CECE RF section is passed into the CECE IF
section, whose schematics are presented in ﬁgure 3.12 and whose picture is shown in ﬁgure
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(a) (b)
Figure 3.11 – (a) Schematics of the whole transmission line for the steerable receiver including
the antenna, the polarizers, and the telescope coupling the power gathered by the steerable
line of sight to the CECE and the DBS reﬂectometer. (b) Details of the telescope.
Figure 3.12 – Schematics of the IF section of the CECE diagnostic on TCV.
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Figure 3.13 – Picture of CECE IF stage where the six YIG ﬁlters are visible. After rectiﬁcation in
the Schottky diodes, the signals are sent to the video stage.
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3.13, using ﬂexible RF cables. The signal is ampliﬁed with a 30 dB low noise ampliﬁer (LNA)
connected to a six way power divider that splits the signal into six identical channels. Each
channel consists of a YIG (yttrium iron garnet) ﬁlter, an additional ampliﬁcation stage (20 dB
LNA) and ﬁnally a schottky diode for rectiﬁcation. The ﬁlters are OMNYIG M2806DD. They
have 3 dB bandwidth of 100 MHz and their center frequencies are independently tunable with
a 12 bit digital controller, in the 6-18 GHz range. After rectiﬁcation, the signals are ampliﬁed
with electronically controlled gain and low pass ﬁltered in a ﬁfth order butterworth ﬁlter at
450 kHz before being digitised at 1.75 MHz. With these parameters, over the whole 450 kHz
band, the minimum detectable ﬂuctuation when correlation analysis is performed over 100
ms period is δTe/Te ∼ 0.45%.
3.6 CECE signal processing
As already mentioned in section 3.3, the high sampling rate and video bandwidth of the CECE
combined with the narrow IF ﬁlters, make this diagnostic an ideal choice to study electron
temperature ﬂuctuations with high radial resolution over a large bandwidth. To do so three
steps are necessary:
• The signals are normalized turning the time traces into oscillations around zero over a
stationary plasma phase identiﬁed as the ﬂat top.
• The position of the emission volume for each channel is calculated and the normalized
signals calibrated using as reference the Thomson scattering measurements.
• The normalized signals are used to calculate spectral quantities such as the cross power
spectral density and correlation coefﬁcient. These, together with information on the
emission volumes position, are necessary to calculate the ﬂuctuation amplitude proﬁle,
correlation lengths and propagation speed and direction.
All these steps will be described in more details in the following.
3.6.1 Signal normalization
To study ﬂuctuations the ﬁrst step is to ﬁnd a stationary phase in the plasma long enough
to allow detection of microturbulence, referred to as ﬂat-top. Once this is selected, the raw
signals S f t are normalized:
Snf t =
S f t −S f t
S f t −Sbl
(3.16)
Snf t is the normalized signal in the selected ﬂat-top phase, oscillating around 0, S f t is the
average of the raw signal in that same phase and Sbl is the baseline, deﬁned as the average of
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Figure 3.14 – Emission volumes of six channels for a discharge in which the horizontal z=0 line
of sight has been used calculated with TORAY, and the corresponding emission peaks over the
ﬂux coordinate ρ.
the signal over a time window where plasma has not yet started. To convert these normalized
signals into temperature ﬂuctuations, it is necessary to reconstruct the plasma emission
volume for each channel. The normalized signals are then multiplied by the local electron
temperature as measured by the Thomson scattering diagnostic.
3.6.2 Calculation of the emission volumes and signals calibration
The emission volumes are determined by the intersection of the resonant layers corresponding
to the IF ﬁlters bandwidth with the antenna pattern of the line of sight. The latter is calculated
using the ray tracing code TORAY [67][68]. In this way the effects of refraction of the emitted
wave by the plasma between the emission location and the antenna are taken into account.
One set of rays, for each channel, is propagated into the plasma taking into account the geom-
etry of the launchers. Emissivity for X2 ECE is calculated along these rays and the emission
volumes are estimated as the union of each ray’s section that contains 95% of the integral
emissivity. Finally, for each channel, the emission volumes are described through averaged
values of the plasma characteristics (Te , ne , B, ρ) and their uncertainties, related to the emis-
sion volumes’ ﬁnite extension. This technique also allows the estimation of the maximum
detectable wavenumber during a particular plasma phase. Being dx,y,z the dimensions of the
emission volumes calculated by TORAY, it can be shown that the diagnostic is sensitive only to
modes with k ≤ 2/(dx,y,z/2). Details of this procedure can be found in appendix A.
An example of the emission volumes of six channels generated with this procedure and the
corresponding emission regions in ρ are shown in ﬁgure 3.14.
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3.6.3 Correlation analysis
Once all the channels’ signals have been properly calibrated, correlation analysis can be used
to extract information on the ﬂuctuations in the plasma. The cross power spectral density
(CPSD) for two signals S1 and S2 is calculated using Welch’s method [69]. The signals are
divided into n intervals of duration T and their Fourier transforms are averaged:




Sˆ∗1k ( f ,T )Sˆ2k ( f ,T ) (3.17)
Where Sˆ is the Fourier transform of S and Sˆ∗ its complex conjugate. If S1 = S2 one obtains the
auto power spectrum.
TheCPSDof signals coming fromdistinct channels is a complex quantity: Pxy ( f )= |Pxy ( f )|ei2πφxy ( f ).
The norm of the CPSD represents the power of the ﬂuctuations’ frequency components1, while
its phase is proportional to the speed of propagation of the ﬂuctuation between the two
channels.
An example of the spectra obtained with these procedures for CECE channels on the ﬂat
top phase of a TCV plasma is shown in ﬁgure 3.15 as CPSD f t . This is the standard appear-
ance of CECE spectra on TCV: a strong low frequency component (0-10 kHz) related to slow,
macroscopic oscillations (MHD modes, Sawteeth, etc...) followed by a broad and decaying
feature that contains the effects of higher frequency ﬂuctuations, normally associated with
turbulence. At frequencies greater than approximately 200 kHz no physical ﬂuctuations are
normally observed so, to further improve the deﬁnition of the noise level of the system, the
average of the norm of the CPSD over a frequency range where ﬂuctuations are not expected
to appear (normally 300-350 kHz), is treated as noise ﬂoor and subtracted from the whole
CPSD (CPSD f t−<CPSDNF > in ﬁgure 3.15). For even higher frequencies, the 450 kHz low
pass ﬁlter in the video stage should eliminate any remaining power coming from the plasma.
The residual observed power is due to the radiometer video stage electronics. It is indeed
identical to the spectrum of the plasma baseline (CPSDbl in ﬁgure 3.15), calculated over a
time window in which the plasma had not yet started.
The temperature ﬂuctuations amplitude, over a certain range of frequencies, can be calculated
integrating the CPSD over the same frequency range. If the CPSD has been obtained from
calibrated signals, then this will result in an absolute ﬂuctuation level (i. e. in eV). This value
can then be divided by the local electron temperature (obtained after the calculation of the







P12( f )d f (3.18)
In this formula fa and fb deﬁne the frequency range of the ﬂuctuations whose amplitude
1If the signals are in temperature units the norm of the CPSD is eV 2s
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Figure 3.15 – Example of CPSD for two CECE signals acquired through the upper lateral line of
sight and whose channels’ center frequencies were separated by 500 MHz. The three curves
are the CPSD of the ﬂat top phase, that of the baseline (CPSD f t and CPSDbl respectively),
andCPSD f t with the average of the [300 350] kHz region subtracted from it to deﬁne the noise
ﬂoor at 0 dB.
is to be calculated. As already mentioned, the [20 200] kHz region of the spectra shown in
ﬁgure 3.15 is where turbulent micro ﬂuctuations are expected to be observed in TCV. That
corresponds to the frequency range normally chosen for the integration of equation 3.18.
The low frequency range (0-20 kHz) could still contain ﬂuctuations, like zonal ﬂows, that are
known to inﬂuence the saturated turbulence amplitude [70], but it is normally not taken into
account in TCV due to the strength of low frequency components (MHD modes, sawteeth).
The most common way to identify the frequency range to evaluate the ﬂuctuations is to make
use of the coherence or the phase of the correlation. The coherence, deﬁned as:
γ212( f )=
|P12( f )|2
|P11( f )P22( f )|
(3.19)
contains similar information to the CPSD and is used in the calculation of uncertainties for
many of the quantities introduced in this chapter. The phase of the CPSD between signals
coming from different channels is normally characterized by stable values (related to the
ﬂuctuations propagation speed) and very low error bars for frequencies where ﬂuctuations
are coherent, while phase angle of noise assumes random values in the [−π π] range. These
two quantities can thus be used to determine the lower and upper boundaries of frequency
over which the ﬂuctuations amplitude will be calculated as shown in ﬁgure 3.16.
While the quantities introduced up to now give information on the spectral composition of
the ﬂuctuations, another interesting approach is to compare the correlation between signals
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Figure 3.16 – Coherence and phase of two CECE signals coming from diffrent channels. To-
gether they are used to select the frequency range over which the ﬂucutations amplitude will
be evaluated, represented in this case by the vertical black lines.





S1(t )S2(t +τ)dt (3.20)
Another way of calculating this quantity allows to select the same frequency range that has















{ℜ(P12( f )cos(2π f τ)+ℑ(P12( f )sin(2π f τ)}d f
(3.21)
Equation 3.21 is the one that will be used in this work.
Once the correlation function is known, the correlation coefﬁcients for various pairs of chan-








The correlation coefﬁcients between different pairs of channels in the same plasma discharge,
separated by Δr are used to estimate the correlation length Lc of the ﬂuctuations according to:
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To estimate Lc , the values of ρ12(τ= 0,Δr ) for all couples of channels inside the discharge (1-2,
1-3,...1-6, 2-3... etc.) are plotted as a function of the channels’ separation Δr 2 and ﬁtted with
an exponential.
The statistical uncertainty in G, R, and γ2 is calculated using the formulas presented in [71].
The errors on derived quantities have been computed using error propagation.
3.7 Summary
ECE diagnostics are a fundamental part of most machines for nuclear fusion research. They
can provide electron temperature measurements with high temporal resolution and spatial
localisation. TCV is equipped with a 24 channel (750 MHz bandwidth) ECE radiometer that
can view plasmas perpendicularly to the magnetic ﬁeld, through two alternative horizontal
lines of sight, at z = 0 and z = 21 cm above the vessel midplane. It is used to reconstruct
electron temperature proﬁles with better temporal resolution than the Thomson scattering
system. Correlation analysis can be applied to signals coming from an ECE diagnostic to study
microﬂuctuations on the ion scale (k ·ρi ≤ 1). In the spectral decorrelation technique the
signals coming from channels closely spaced are correlated. Fluctuations whose correlation
length is of the order of the two emission volumes’ separation distance will be detected by
both channels. Using the cross-correlation technique, these ﬂuctuations are enhanced while
the uncoherent noise is strongly suppressed. This technique allows the study of ﬂuctuations
δTe/Te < 1%. The TCV CECE system can view the plasma through an upper lateral, steerable
antenna and its IF section consists of six frequency tunable YIG ﬁlters (100 MHz bandwidth).
Its high ﬂexibility in the choice of the measurement locations, combined with the wide range
of plasma shapes that can be explored in TCV, allows the study of microﬂuctuations with high
sensitivity (δTe/Te < 0.5%) and spatial localisation (wr ≤ 1 cm, wz ∼ 4 cm for fECE = 70 GHz)
in a large range of radial positions.
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4 Triangularity effects on ﬂuctuations
in ohmic tokamak plasmas
4.1 Transport in negative triangularity plasmas in TCV
One of the main goals of TCV is to study the effects of plasma shaping on conﬁnement.
Early studies meant to build a wide database of shape classes with different combinations of
elongation, κ, and triangularity, δ. These studies covered L-mode, limited, ohmic [17] and EC
heated plasmas [16]. Increasing elongation was found to be always beneﬁcial for the electron
energy conﬁnement time τE . The effect of triangularity, instead, was found to depend on its
sign. While positive triangularity degraded conﬁnement with respect to a circular plasma,
negative δ discharges were found to present a comparable or higher τE . In these studies the




where χe is the electron heat diffusivity, and 〈|∇ρ|〉 is the ﬂux surface averaged gradient of ρ. A
direct effect of shaping on χe was excluded in these earlier studies [17]. The observed higher
τE in negative with respect to positive δ plasmas was, instead, attributed to changes in the
gradient geometrical factor, with the positive δ plasmas having a larger volume characterized
by lower local temperature gradients, hence lower thermal conduction [17].
Further studies on EC heated discharges [23] investigated possible effects of shaping on the
electron heat diffusivity, χe . In equally heated discharges with comparable density and safety
factor proﬁles, negative δ plasmas showed reduced χe with respect to positive δ, thus attaining
higher electron temperatures and ion temperatures proﬁles. The lower χe , observed at equal
heat ﬂux, was postulated to be mainly related to the different temperature gradients resulting
from the different shaping. Flux surface compression, in these cases, seemed not to have
an effect. The conﬁnement improvement observed in these discharges allowed to obtain
quasi-identical Te proﬁles using only half the heating power (0.6 MW instead of 1.3 MW) in a
negative δ plasma with respect to its matched positive δ case, as shown in ﬁgure 4.1[3].
For all shapes in this set of discharges, the dependence of χe on electron density ne , tem-
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Figure 4.1 – Radial proﬁles in two plasmas with positive and negative triangularity in which
comparable Te (a) and ne (b) have been achieved with only half of the ECH power in the latter
case. c) Ti d) q e) Qe f) χe . From [3]
perature Te and effective charge Ze f f was found to be well summarized into a dependence
on the effective collisionality νe f f = νei/ωDe ∼ 0.1RneZe f f /T 2e [23], the ratio between the
electron-ion collision rate and the electron curvature drift frequency. This dependence was
highlighted in ﬁgure 4.2 [3]. The decrease of χe in plasmas with negative δ, with respect to
those with positive δ, was particularly evident for cases with comparable νe f f . It is noteworthy
to observe that, for increasing collisionality, the effect of δ becomes weaker up to the point
where no difference between positive and negative triangularity discharges is observed. This
could explain why, in previous studies, a dependence of χe on δ was excluded [17]. At the
time of these studies, no ﬂuctuations diagnostics were operational on TCV, so the inﬂuence of
shaping on turbulence could not be investigated experimentally [17][16][23][3].
4.1.1 Numerical simulations
These experiments were accompanied by gyro-ﬂuid (GLF23 [72]) and gyro-kinetic (LORB5
[73]) simulations, carried out using experimental equilibria and matched proﬁles. Trapped
electron modes (TEMs) were identiﬁed as the dominant source of turbulence in all considered
experimental cases, for the low to medium k in the wavenumber spectrum. TEMs are expected
to be stabilized by collisions, so these results are consistent with the experimental observation
of a χe reduction for increasing νe f f [3]. The global, gyro-kinetic, collisionless simulations
performed using the LORB5 code, demonstrated changes in growth rate and perpendicular
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Figure 4.2 – Electron heat diffusivity χe as a function of the effective collisionality νe f f mea-
sured at ρvol = 0.55 for the discharges in [3]. The difference between positive and negative δ
plasmas is largest at low νe f f and becomes almost indistinguishable for high collisionality.
From [3].
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Figure 4.3 – Ratio between χe for positive and negative δ plasmas as calculated from the
experiments (blue rectangle) and from non-linear GS2 simulations. Agreement is found within
errorbars for ρ = 0.7. From [4]
wave vector between positive and negative δ plasmas. The structure of the electrostatic
potential ﬂuctuations was observed to change with δ, moving towards the plasma core for
negative δ discharges [3].
Further gyrokinetic simulations have been performed to better understand the effects of
shaping on turbulence. All these simulations were limited to the ion scale, hence excluding
Electron Temperature Gradient driven modes (ETG), taking into account impurities and
electromagnetic effects. The latter, though, were found to be unimportant. The experimental
proﬁles and the equilibria of the matched proﬁles case from [3] were used as inputs [4][6].
Local, non-linear, collisionless simulations, run with the ﬂux tube GS2 code [24], conﬁrmed
TEMs to be the dominant instability [4]. These simulations reproduced the χe variation
between positive and negative δ plasmas within error bars for ρvol = 0.7, as shown in ﬁgure
4.3, and found a partial TEM stabilization in the negative triangularity case [4].
Other local, linear and non-linear simulations, run with the GENE code [25] and this time
including collisions, again found TEM dominated ﬂuctuations and have qualitatively repro-
duced the heat ﬂux reduction in negative δ plasmas in the outer core [26][6]. The fact that
the measured transport reduction in positions closer to the core could not be reproduced
was attributed to the local nature of the simulations. In fact, the local triangularity quickly
decreases in inner ﬂux surfaces so, for those positions, the input equilibria of the different
simulations are very similar.
Successive gradient driven, global simulations, this time run with only two kinetic species,
managed to also qualitatively reproduce the heat ﬂux reduction for positions closer to the
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Figure 4.4 – Logarithmic plot of electron pressulre proﬁles for a series of ohmic TCV discharges
with varying plasma current. The experimental Thomson measurements have been ﬁt using a
contant gradient for the non-stiff region (ρvol > 0.8), a constant logarithmic gradient for the
stiff region and constant pressure inside the sawteeth inversion radius. From [5]
plasma core. This suggested that the observed stabilizing effect on ﬂuctuations could be due
to non-local effects i. e. those related to the ﬁnite value of ρ∗ = ρLi /a typical of TCV (∼1/80)
[26].
4.1.2 Proﬁle stiffness
The conﬁnement improvement observed in [23] and [3] extendedwell into the core (ρvol < 0.5),
despite the fact that the magnitude of δ (positive or negative) decreases quickly when moving
from the edge to the plasma interior. A coherent picture emerged based on a distinction
between regions of different stiffness within the plasma.
In this work, stiffness is deﬁned, as in [5], as the resistance the plasma opposes to attempts
to peak its temperature proﬁle when increasing the central heating or, more generally, to
modify the shape of its proﬁles. In practice, this translates into the existence of a critical
value for the temperature inverse scale length (R/LTe =R∇ log(Te)/Te) [74]. When this value
is reached, increasing the input heat ﬂux almost exclusively increases the power dissipation
across the plasma proﬁle, instead of further peaking the temperature proﬁle. This mechanism
is explained by the onset of turbulent ﬂuctuations after reaching the critical gradient that add
anomalous terms to the heat transport. The higher the increase in dissipated power necessary
to modify the shape of the proﬁle, the stiffer a plasma is said to be.
Signs of stiffness deﬁned in this sense have been observed in several tokamaks [75][76][77]. In
TCV it has been noticed, particularly in L-mode limited plasmas, that a region exists around
the plasma mid-radius (tipically from the sawtooth inversion radius to ρvol ∼ 0.8), where the
Te and ne scale lengths are generally insensitive to various plasma parameters, including edge
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Figure 4.5 – Sketches of possible interpretations of conﬁnement improvement in negative δ
plasmas consistent with the observations in [5]. Improvement in the plasma non stiff region
could be due to a change in stiffness (a), critical gradient (b) or a combination of both. From
[6].
triangularity [5]. This will be referred to in the following as the stiff region. Beyond this region
(ρvol > 0.8), the proﬁles can be ﬁt with a radially uniform gradient that is found to change
when changing plasma conditions (Ip , ECRH power, ne , δ) and thus this plasma region is
considered to be non-stiff. An example of this distiction, taken from [5] is shown in ﬁgure 4.4.
According to this observation, even if the magnitude of the local ﬂux-surface triangularity
quickly decreases when moving towards the core, a localised conﬁnement improvement at
the plasma edge, up to the outer limit of the stiff region, would raise temperature all the way
across the proﬁle. Indeed a higher ∇Te at the outer edge of the stiff region would imply a
higher Te well inside the plasma core, thanks to the constant normalized gradient [5].
In [6] a possible interpretation for the effects of negative triangularity in this frame was
proposed. Figure 4.5 shows two different ways in which different heat ﬂuxes, in the two
different shapes, could still lead to comparable proﬁles (in this case matched R/LTe), as was
experimentally observed [23]. In ﬁgure 4.5a, negative triangularity plasmas are assumed to
have a higher stiffness with respect to positive triangularity ones in the non-stiff region. In
ﬁgure 4.5b, instead, it is postulated that negative δ plasmas present a higher critical gradient.
Both these interpretations assume the existence of a stiff region, closer to the plasma core, as
shown by the black curve in the ﬁgures. These ﬁgures represent only two extreme cases. A
combination of these two effects could also justify the same ﬁnal result. This interpretation of
the role of negative triangularity in conﬁnement improvement is in agreement with some of
the results of the non-linear, ﬂux tube GENE simulations mentioned in paragraph 4.1.1. The
results of these runs, shown in ﬁgure 4.5 [6], suggest that, towards the plasma edge, where ﬂux
surface triangularity is high, negative δ plasmas could present higher critical gradients for the
saturated heat ﬂux [6] with respect to positive δ plasmas.
The argument that negative triangularity only improves conﬁnement close to the plasma edge
seems to be in contradiction with the experimental observation of a lower χe in the plasma
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Figure 4.6 – (a) Heat ﬂuxes at three different radial positions resulting from non linear, ﬂux
tube GENE simualtions in which gradients have been varied to study the inﬂuence of negative
triangularity on transport. Full markers represent the experimental gradients vaules. For the
sake of clarity, the ﬂuxes for each radial positions are plotted on differnt scales in (b) ρtor = 0.5,
(c) ρtor = 0.7 and (d) ρtor = 0.9. Dashed black lines represent the experimental heat ﬂuxes.
From [6].
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core [3] mentioned in paragraph 4.1. This confusion is due to how electron heat conductivity
is calculated in the experiments. Experimentally two main ways exist to calculate the heat
diffusivity at a point in the plasma, power balance and perturbative analysis [78]. In [3], power




In situations such as those represented in ﬁgure 4.5, the value of χe calculated using power
balance analysis can be seen simply as Qe/(R/LTe). This method would then have produced
two different estimates of χe in the core for positive and negative δ, even in the presence of
comparable stiffness and critical gradients (black curves in both ﬁgures 4.5a and 4.5b). The
experimental results are then consistent with the possibility that negative δ only inﬂuences
conﬁnement in a non-stiff region closer to the plasma edge, where the magnitude of triangu-
larity is higher, and that this results in higher temperature across a large fraction of the radial
proﬁle due to the constant normalized scale length characteristic of the stiff region of the
plasma.
4.1.3 Fluctuations measurements in previous experiments
With the installation of core ﬂuctuations diagnostics on TCV, namely the tangential phase
contrast imaging (TPCI) [7] and CECE, further experimental study of the effects of negative δ
and collisionality on ﬂuctuations have been undertaken.
Discharges with positive and negative triangularity were studied using the TPCI diagnostic
both in matched heating and matched proﬁles conditions [7]. These experiments showed a
suppression of relative density ﬂuctuations, stronger at the plasma edge but reduced ﬂuctua-
tions were observed up to ρvol = 0.5 (ﬁgure 4.7). The normalized gradients of these discharges
suggested the presence of differences in the stiffness of positive and negative triangularity
plasmas, in both matched proﬁles and matched heating experiments. The ﬂuctuations data
were plotted as a function of the local temperature and density scale lengths to investigate
possible effects of shaping on the critical gradients. Fluctuation amplitudes, for all shapes,
were observed to be almost constant for increasing normalized gradients up to a value, after
which they began to rise quickly, as shown in ﬁgure 4.7b and 4.7c. This value corresponds to
the gradient in the stiff region of the plasma, where normalized gradients were observed to re-
main constant, and was identiﬁed as the critical gradient, as deﬁned in [5]. These observations
suggested that plasma triangularity had an effect on the ﬂuctuations characteristic. In negative
δ cases, a higher critical gradient than in positive δ discharges was observed. Furthermore,
negative triangularity seemed to reduce proﬁle stiffness, in the sense that higher temperature
gradients could be reached at the expense of a smaller increase in the ﬂuctuations level with
respect to positive triangularity plasmas, as seen in particular in ﬁgure 4.7c. This is in partial
agreement with what was observed in numerical simulations [6]. It is important to stress that
this kind of representation is not equivalent to the results of the GENE runs mentioned in
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Figure 4.7 – Relative density ﬂuctuations proﬁle in positive and negative triangularity plasmas
with matched heating (a). The same points have also been plotted as a function of the local
normalized inverse density (b) and temperature (c) scale lengths to highlight the different
threshold behaviour for different shapings. From [7].
4.1.1 and shown in ﬁgure 4.6. In that case the critical gradients that are estimated belong to a
speciﬁc ﬂux surface, while the experimental ﬂuctuation measurements have been collected
from a large fraction of the radial proﬁle. The ﬂuctuations spectra indicated that negative δ
affected mainly the lower frequencies ( f < 200 kHz). A reduction of the decorrelation time and
correlation length, with respect to positive δ plasmas, was observed in negative δ discharges.
The effect of collisionality on ﬂuctuations was investigated in another set of measurements,
performing a triangularity scan in an ohmic and an EC heated discharge [7]. In the ﬁrst case
density ﬂuctuations were found to decrease going from positive to negative triangularity,
while collisionality remained constant (both ne and Te increased slightly). In the EC heated
discharge, instead, the scan towards negative δ caused almost no change in the measured
ﬂuctuations level. When moving to negative triangularity, in fact, temperature rose, thus
reducing collisionality. This in turn favoured the increase in ﬂuctuation amplitudes until an
equilibrium was reached. These observations are consistent with previous transport studies
[3] mentioned in 4.1. In high collisionality plasmas, such as the ohmic discharge in this case or
the experiments in [17], the effect of triangularity is expected to be small, while conﬁnement
improvement becomes signiﬁcant at lower collisionalities, as stated in [3].
In a separate campaign, the CECE diagnostic of TCV was used to measure radiative temper-
ature ﬂuctuations from ohmic, L-mode, limited discharges with δ varying from -0.4 to +0.4
with the same plasma current [79]. Observations taken with the horizontal, z=0 line of sight
revealed a suppression of the radiative temperature ﬂuctuations in negative triangularity
discharges especially at the edge, but penetrating deep into the plasma core (up to ρ ∼ 0.4).
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Figure 4.8 – Relative density ﬂuctuations in ohmic and EC heated plasmas during a scan from
positive to negative δ as a function of triangularity (a) and νe f f (b). From [7].
4.2 Flucuations measurements using an upper lateral line of sight
4.2.1 Description of the experimental conditions
The goal of this study was to further investigate the effects of negative triangularity on radiative
temperature ﬂuctuations by expanding the measurement region. The discharge setup was
based on those studied in [79]. Ohmic, limited, L-mode plasmas were realized in the upper
part of the TCV vessel (zaxi s = 0.25 m and zaxi s = 0.3 m for negative and positive δ discharges
respectively) to optimize the CECE measurements taken with the upper lateral, steerable line
of sight. Four different triangularities (δ = +0.5,+0.3,−0.3,−0.4) were explored at constant
elongation (κ= 1.4) and plasma current (Ip = 225kA), with comparable density proﬁles (line
averaged density ne,av = 2 1019m−3). The plasma temperature was left free to evolve. Due
to the difference in shaping, the safety factor proﬁle is different in the two discharges when
using the same plasma current. Thus for the positive δ and negative δ discharges, q95 = 3.6
and q95 = 3.3 respectively. The carbon content, as measured by the CXRS diagnostic results in
Ze f f =
The resulting proﬁles are shown in ﬁgure 4.9. Electron temperature and density proﬁles shown
here were deduced from measurements taken using the Thomson scattering diagnostic [57],
while ion proﬁles and Ze f f values were obtained through the charge exchange recombination
spectroscopy diagnostic of TCV [80]. Examples of the resulting plasma cross sections for the
δ=+0.5 and δ=−0.4 discharges are shown in ﬁgure 4.13. All discharges had at least 500 ms of
ﬂat top where all the measurements were taken.
For discharges placed so high in the vessel, the CXRS could not provide full coverage of the
plasma cross-section. The measurements shown in ﬁgure 4.9c were taken from a series of
matching discharges reproduced at the vessel midplane (zaxi s = 0), where ion temperature and
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density could be measured across the whole proﬁle. In these discharges great care was taken
to have density and temperature proﬁles very similar to those with zaxi s = 25 cm. An example
of the proﬁles obtained in the zaxi s = 0 discharges is shown in ﬁgure 4.10. Plasma geometry
and emission volumes position in these discharges are shown in ﬁgure 4.19. Error bars on
the proﬁles are deduced from the experimental uncertainties of the Thomson scattering. For
gradients, also the uncertainty in the radial localization of Thomson measurements was taken
into account (σρ ∼ 0.01) and the ﬁnal error bar is calculated using error propagation.
As expected, the negative triangularity discharges showed a higher temperature over the whole
proﬁle. Note that this is despite the fact that the ohmic power, calculated as the product of
the plasma current and the voltage measured by the ﬂux loops around the vacuum vessel in
a stationary phase, actually decreased in going from positive to negative triangularity. The
higher temperature, in fact, modiﬁed the plasma resistivity, changing the ohmic power from
329 kW at δ = +0.5 to 287 kW at δ = −0.4. The fact that Te was considerably higher with
respect to positive δ even though the heating power was reduced by ∼ 15% is an additional
sign of the improved conﬁnement in negative triangularity plasmas. Looking at the ratio
between electron temperature proﬁles of the discharges with δ=+0.5 and δ=−0.4, a region
where the temperature ratio was almost constant at ∼ 1.4 could be distinguished between
0.45< ρvol < 0.7 (ﬁgure 4.11). This is what is expected to happen in the stiff region of a plasma
[5], as mentioned in 4.1.2. A conﬁrmation of this observation could be found by looking at
the normalized temperature gradients for the differently shaped discharges (ﬁgure 4.9f). In
the same radial range, despite the differences in the temperature proﬁle, the value of the
inverse temperature scale length was very similar across the different shapes considered. For
ρvol > 0.75, instead, R/LTe changed and the temperature gradient of the negative δ discharges
was larger than the positive δ case. This was hence identiﬁed as the non-stiff region where the
edge triangularity effectively exerted its inﬂuence [5].
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Figure 4.9 – Proﬁles of the model discharges for the two most extreme shapes (δ = 0.5 and
δ=−0.4). a) Electron density. b) Electron temperature. c) Ion temperature. d)Electron/ion
temperature ratio. e) Normalized density scale-length. f) Normalized electron temperature
scale length. g) Normalized ion temperature scale length. h) Inverse effective collisionality. The
electron proﬁles are calculated fromThomson scatteringmeasurementswhile ion temperature
and Ze f f from charge exchange recombination spectroscopy measurements.
These dischargeswere ideal targets to observe howﬂuctuations change in positive andnegative
triangularity plasmas. Care was taken in selecting the line of sight and the CECE channels
frequencies to obtain ﬂuctuations measurements both in the stiff and non-stiff regions of the
plasma.
4.2.2 Temperature ﬂuctuations proﬁles
After the development of a target for the four different shapes, the corresponding plasma
discharges were repeated three times each, with different frequency settings for the CECE
channels. In this way it was possible to obtain measurements from eighteen plasma volumes
covering the region 0.3 < ρvol < 0.95 and 0.3 < ρvol < 0.85 for the positive and negative
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(a)
(b)
Figure 4.10 – Electron temperature and density proﬁles of the model discharges (zaxi s = 23
cm) and corresponding plasmas repeated at z = 0 to have CXRS measurements across the
whole radial proﬁle.





























Figure 4.11 – Electron temperature ratio between the δ=−0.4 and δ=+0.5 discarges.
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?? ?? ??
Figure 4.12 – Proﬁles obtained for the repetitions of the target δ = +0.5 discharge. Radial
proﬁles of electron temperature (a) electron density (b) and inverse effective collisionality (c)
triangularity discharges, respectively. The position of the emission volume for each channel,
in each different discharge was calculated via ray tracing, using the TORAY code [67] [68], as
explained in appendix A. The discharges showed excellent reproducibility as is shown in ﬁgure
4.12 for the δ= 0.5 case.
In ﬁgure 4.13 the shapes of the two target discharges for δ = +0.5 and δ = −0.4 are shown
together with the reconstructed position of the emission volumes of the whole set of mea-
surements. The radial width of the emission volumes, taking into account the 100 MHz IF
bandwidth of the ﬁlters, was ∼3 mm. Applying equation (3.12) together with the consid-
erations in appendix A, the channels were sensitive to modes whose radial wavenumber
kr ≤ 2dr /2 ∼ 13cm−1. The chosen frequency spacing of the channels (500 MHz) corresponded
to physical distances varying from 0.8 cm for the outer channels to 0.65 cm for the inner
ones. To appear in the cross-correlation analysis, a ﬂuctuating structure needed to be large
enough to be detected by both emission volumes involved. If the emission volumes lay on
the magnetic ﬂux surfaces, only ﬂuctuations with radial correlation lengths larger than the
volumes separation would be detectable. In these experiments, the channel separation is
comparable with the ion larmor radii (ρLi ∼ 2 mm, kρLi ∼ 1).
Cross-correlation analysis, following the procedure introduced in 3.6, was performed for each
pair of adjacent channels (1-2, 2-3 etc...), over a 500 ms time period (Ns = 875 kS). Examples of
the cross power density (CPSD) spectra obtained with this technique are shown in ﬁgure 4.14.
In these spectra the positive triangularity discharges showed a broadband feature between ∼
20 and 160 kHz, absent in the negative triangularity case. This feature seemed to reduce in
both amplitude and bandwidth moving towards the plasma core. A consistent behaviour could
also be observed in the phase between the CECE signals coming from neighbouring channels,
as shown in ﬁgure 4.15. In the same range of frequencies where coherent ﬂuctuations were
observed in the power spectra, positive triangularity discharges showed a negative phase
difference, weakly increasing in magnitude with frequency. In the convention selected for
these calculations, a negative phase signiﬁes that the ﬂuctuations were ﬁrst observed in the
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(a) (b)
Figure 4.13 – Plasma cross sections and position of the CECE emission volumes for the mea-
surements taken with δ= 0.5 (a) and δ=−0.4 (b).
outer channels, suggesting inward propagation. Moving from ρvol = 0.8 to ρvol = 0.4, the
absolute value of the phase decreased slightly. In the negative triangularity case, a qualitatively
similar behaviour could be observed, but the results are less clear due to the lower signal
to noise ratio in the measurements. Combining the cross-phase measurements with the
reconstruction of the emission volumes in the plasma, it was possible to estimate the speed
and the direction of propagation of the ﬂuctuations between different channels. This is
explained in details in appendix C.
The ﬂuctuation amplitudes were calculated, from the integral of these spectra, over the 20-200
kHz range. This choice excluded the low frequency range where the spectrum is dominated by
coherent ﬂuctuations, and the high frequency range, where no ﬂucuations are expected to
exist, as mentioned in 3.6.3. Furthermore, negative triangularity is known to have an effect
on sawteeth period and amplitude [81], so differences in the low frequency range could not
be directly associated with changes in the turbulence activity. In this case, anyway, negative
and positive triangularity discharges showed comparable values of absolute ﬂuctuations
amplitude in the 0-20 kHz spectrum, over the whole range of measurements. The absolute
ﬂuctuations were normalized with respect to the mean of the electron temperature in the
volumes from which the CECE signals that were being correlated were coming.
Taking into account the IF and video bandwidth of the system, and the averaging time, the
minimum detectable ﬂuctuation for these measurements can be calculated using equation
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Figure 4.14 – Cross Power Spectral Density obtained from correlation analysis over 100 ms of
CECE signals coming from couples of neighbouring channels (Δ f = 0.5 GHz) at ρvol = 0.8 and
ρvol = 0.4, in positive and negative triangularity. The noise level is at 0 dB for all the curves.
Figure 4.15 – Phase difference between the same couples of neighbouring channels shown in
ﬁgure 3.15. A negative phase corresponds to ﬂuctuations moving from channels closer to the
edge towards those closer to the plasma core.
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where Bf luct , in this case, is the bandwidth over which the ﬂuctuations were being integrated
(180 kHz).
As already mentioned in 3.3.2, ﬂuctuations measurements with the CECE diagnostic in TCV
need to be interpreted taking into account the low optical depth of the plasmas. From the
optical depth proﬁles for these experiments, calculated integrating α(s) along the line of sight
as detailed in appendix [?], τ ∼ 0.5 at ρvol = 0.85. A conservative value for the reﬂectivity
of the carbon tiles (as in TCV) is χ∼ 0.76 [82], resulting in A2(τ,χ)= 0.33. Preliminary non-
linear, electromagnetic, gyrokinetic simulations suggest that in these discharges, the ratio
δT /T
δn/n should be between 0.5 and 1. The latter was considered, in the frame of an upper
limit estimation. The resulting maximum relative contribution of density on the measured
ﬂuctuation, obtained from equation 3.15, would then be below 20% at ρvol = 0.85. For
radial positions closer to the core this value quickly decreased. In any case, in this work, an
exact estimation of the electron temperature ﬂuctuations is not attempted but, as already
mentioned, only ﬂuctuations of the radiative temperature are discussed.
The proﬁles of relative temperature ﬂuctuations, δTrad/Te , are shown in ﬁgure 4.16a. A strong
suppression of the ﬂuctuations in negative triangularity compared to positive triangularity,
especially close to the edge, could be observed. At ρvol ∼ 0.8 the ﬂuctuation level in the δ=
−0.4 case was less than one third of the one with δ= 0.4. The suppression of the ﬂuctuations
could also be observed in the absolute ﬂuctuations amplitude (ﬁgure 4.16b) showing that
the difference in temperature was not the only factor responsible for this effect. For radial
positions closer to the plasma core the difference quickly decreased, but it is interesting to
note that ﬂuctuations in positive δ discharges remained measurably higher than those in
negative δ down to ρvol = 0.55, where the magnitude of the plasma triangularity has already
decreased to less than ∼ 40% its edge value.
These measurements, taken over a wide fraction of the radial proﬁle, were also used to study
the dependence of the relative ﬂuctuations on the normalized inverse density and temperature
scale lengths, as shown in ﬁgure 4.16 b and c. Obviously, over the plasma region considered,
these scale lengths were not the only parameters changing. Nonetheless, the measurements
suggested that a threshold gradient was present in both temperature and density, correspond-
ing to the point of sharp increase in ﬂuctuation level. In the positive δ discharges, the sharp
ﬂuctuation rise occured in a small region, corresponding to the stiff region of the plasma,
where ﬂuctuations reached the level measured at the edge. A similar trend was not observed
in negative triangularity discharges. It could be hypothesized that negative triangularity dis-
charges have a higher critical gradient beyond the range explored in these experiments. This
would be in agreement with the results of the non-linear gyrokinetic simulations performed in
[6][26].
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Figure 4.16 – a) Radial proﬁles of relative radiative temperature ﬂuctuations amplitude for
different triangularity values. The ﬂuctuations amplitude is reduced changing shape from
positive to negative triangularity and the effects extends up to ρvol = 0.5. A similar effect can
be observed also in the absolute ﬂuctuations proﬁles (b). The same data are plotted against
the normalized inverse density (c, e) and temperature (d, f) scale lengths. Notice that these
data points combine measurements taken over a wide fraction of the radial proﬁle.
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Figure 4.17 – Correlation coefﬁcient for couples of channels at ρvol ∼ 0.8 in positive and
negative δ plasmas. The former show a much higher correlation level, while both of them
indicate that ﬂuctuations are observed ﬁrst in the outermost channels (negative τ for the
maximum correlation), with a slightly different delay.
The correlation coefﬁcients of pairs of neighbouring channels conﬁrmed the higher coherence
observed for positive δ with respect to negative δ discharges, as shown in ﬁgure 4.17 for
the outermost channels of both series of plasmas. In this representation, a negative delay τ
corresponds to the ﬂuctuations being detected ﬁrst in the channel closer to the plasma edge.
Further information on the propagation of the ﬂuctuations across the channels could be
obtained by looking how ρxy (τ) varies for increasingly separated pairs of channels (still within
the same discharge). An example is shown in ﬁgure 4.18. For the positive δ discharge, the
growing time delay of maximum correlation (τmax) for couples of channels further apart was
particularly evident. The situation was less clear in the negative triangularity case, where the
lower ﬂuctuation level produced noisier correlation functions. Still, the fact that in negative
δ the correlation coefﬁcient fell quickly to noise level when moving away from the reference
channel was indicative of a lower correlation length of the ﬂuctuations in this case.
4.3 Fluctuations measurements using a horizontal line of sight
As already mentioned, a series of discharges with matching shapes and proﬁles to those men-
tioned above was reproduced at the vessel midplane. The goal of these additional experiments
was to obtain good measurements of the density and temperature of carbon in these plasmas.
The proﬁles of carbon density, temperature and velocity obtained in this way were used as
inputs for gyrokinetic simulations. Examples of this conﬁguration are shown in ﬁgure 4.19,
where also the emission volumes of the CECE are highlighted. As shown in ﬁgure 4.10, the
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Figure 4.18 – Correlation coefﬁcient as a function of τ for increasingly separated couples of
channels inside discharges with (a) positive δ and (b) negative δ. Take notice of the different
color scales in the two pictures.
density and temperature proﬁles obtained in these discharges were comparable with the
experiments described above. The resulting measures of Ti are shown in ﬁgure 4.9.
In this conﬁguration, the intersection of the upper lateral line of sight with the plasma would
have produced ECE emission volumes extended in the vertical direction, greatly impairing the
diagnostic resolution. The z = 0 cm horizontal line of sight was hence used to acquire CECE
data. The volumes from which emission was collected are shown in ﬁgure 4.19. With respect
to the discharges studied using the upper lateral line of sight, here lower correlation was
observed between signals coming from neighbouring channels. The spectrum of ﬂuctuations
(most evidently for positive triangularity discharges) was substantially reduced, with respect
to that observed using the upper lateral line of sight shown in ﬁgure 4.14, both in amplitude
and in frequencies for corresponding radial positions as shown in ﬁgure 4.20a. Still, also in
these cases, ﬂuctuations measured in positive δ discharges were stronger than in negative δ.
In the latter, barely any ﬂuctuation above the noise level was observed (ﬁgure 4.20b).
The disagreement between the two sets of measurements could be explained in two possible
ways. First the ﬂuctuations intensity could depend on the poloidal angle, with increasing
amplitude for increasing θ. In fact when using the upper lateral line of sight, the emission
volumes were estimated to be at 30°< θ < 40°. This argument was considered to be unrealistic
since numerical simulations suggest that the ﬂuctuations structure is balooning, with a maxi-
mum near the outboard midplane. Second, the larger vertical extension of the horizontal line
of sight would restrict the wavenumber spectrum that could be probed (kθ < 0.4 cm−1 for the
z = 0 horizontal line of sight versus kθ < 1.12 cm−1 for the upper lateral one). This effect could
be modelled using a very simple model for the CECE diagnostic, described in D. By studying
a superposition of modes with different poloidal number varying the aperture angle of the
line of sight α, the attenuation in the total power detected by the correlation became apparent
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Figure 4.19 – Plasma geometries and emission volumes for the zaxi s=0 discharges matching
the zaxi s = 25 cm ones. In this discharge the emission volumes were distributed in three pairs
at Δ f = 500MHz separated by 3 GHz
(a)



















Correlation RMS amplitude within [20;100] kHz
(b)
Figure 4.20 – Cross power spectral density of neighbouring channels around ρvol=0.65 in
negative and positive triangularity plasmas measured using the horizontal line of sight (a).
Fluctuations are strongly reduced in both amplitude and frequency range with respect to those
observed with upper lateral line of sight (ﬁgure 3.15). Nonetheless, higher ﬂuctuations ampli-
tude is still observed in positive triangularity discharges with respect to negative triangularity
ones.
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Figure 4.21 – Examples of the changes in the emission volumes extension when changing the
aperture angle of the horizontal line of sight from 2° (a) to 5° (b). The emission volumes are
represented over the norm of the ﬂuctuating structure obtained superimposing modes with m
from 1 to 32. (c) Sensitivity of the diagnostic to varying m modes for increasing line of sight
aperture angle. The sensitivity to higher order modes is reduced while the antenna pattern is
widened.
(ﬁgure 4.21).
The same model was used to try to study the difference between these different lines of sight,
as shown in ﬁgure 4.22. When the experimental proﬁles, reconstructed plasma equilibrium,
and the real antenna characteristics were taken into account, the model suggested that the
conﬁguration where the upper lateral line of sight was used was more sensitive to modes with
higher m. This could justify, albeit qualitatively, the differences observed in the ﬂuctuations
spectra.
4.3.1 Linear GENE simulations
A series of linear, ﬂux tube gyrokinetic simulations, using the eulerian code GENE, has been
performed to verify the dominant turbulence regime in the discharges presented in the previ-
ous section and to investigate the effects of triangularity on the linearly unstable modes. A
ﬁrst set of simulations used both the equilibrium and the proﬁles of the negative triangularity
discharge. Another set, instead swapped the equilibrium and the temperature proﬁle with the
positive triangularity ones. The runs considered three fully kinetic species (deuterium ions,
electrons and carbon) and included the effects of collisions and electromagnetic effects. The
density and temperature proﬁles of carbon have been obtained by ﬁtting the measurements
of the CXRS and the same temperature proﬁle was assumed for deuterium. The density proﬁle
of deuterium is determined imposing charge neutrality.The results are shown in ﬁgure 4.23
where, for three different radial positions (ρtor = [0.6, 0.7, 0.8]), the linear growth rate γ and fre-
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Figure 4.22 – Norm of the ﬂuctuating ﬁeld (m from 1 to 32) and emission volumes for the
simulation of the the upper lateral (a) and horizontal (b) lines of sight looking at ρψ = 0.7. (c)
Estimated sensitivity to the different modes for the two lines.
quencyω of the most unstable mode for each wavenumber ky (corresponding to the direction
perpendicular to the magnetic ﬁeld lines) are shown, all in normalized units. In GENE,γ andω
are normalized by cs/R where R=0.88 m is the major radius and cs =

Te/mD is the ion sound
speed. Wavenumbers are instead normalized by ρs = cs mDcqB . At all three radii, smaller growth
rates for the low wavenumber modes (kyρs < 1) are found for negative triangularity compared
with positive triangularity equilibria. All unstable modes were found to propagate in the
electron diamagnetic direction allowing their identiﬁcation as trapped electron modes (TEM)
for lower values of kyρs or electron temperature gradient (ETG) driven modes for kyρs > 1.
This situation is very similar to what had been observed in past experiences for gyrokinetic
simulations run using the proﬁles of EC heated positive and negative triangularity plasmas.
Also in those cases, in fact, the unstable modes were electron dominated for all wavenumbers
[26][4].
The same data is shown in ﬁgure 4.24 in real units in the interval ky < 2 cm−1. Here it is more
evident how, in simulations run with negative triangularity equilibria, the linear growth rate
for the most unstable mode is smaller than in simulations where the positive triangularity
equilibrium was used. This effect is strongest for low wavenumbers and for radial positions
closer to the plasma edge where, for selected wavenumbers, γ is up to 50% lower in the
negative triangularity case. This is consistent with the fact that triangularity is a ﬂux surface
quantity that quickly decreases when moving from the edge to the plasma core.
Besides the variation in the linear growth rate of the most unstable modes, another way in
which triangularity could affect the saturated turbulence regime is through changes in the
E ×B shearing rate (ωE×B ). It is in fact well known thatωE×B contributes to the suppression of
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Figure 4.23 – Normalized linear growth rate (γ∗R/cs) and frequency (ω∗R/cs) of the most
unstable mode for each wavenumber in three radial positions: ρtor = 0.6 (a), ρtor = 0.7 (b),
ρtor = 0.8 (c).In the ω plots, full markers correspond to modes that propagate in the electron
diamagnetic direction (TEM or ETG).
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where r is the radial coordinate centred on the plasma axis, q is the safety factor andΩtor is
the toroidal angular velocity. The latter is calculated dividing the toroidal velocity, measured
by the CXRS system 1 on the outboard midplane, by the position on the major radius of the
intersections of the lines of sight with the diagnostic NBI. It was then assumed that the toroidal
angular velocity could be treated as a ﬂux surface quantity. The calculated values of ωE×B
are shown in the γ plots of ﬁgure 4.24 as horizontal lines, with the dashed lines, showing the
estimated uncertainty. Within errorbars, no difference in ωE×B could be observed between




)∼ 1), encompassing ωE×B ∼ γ for lower wavenumber modes. It can then not
be excluded that the E ×B shearing rate plays an important role in the ﬁnal saturated state of
the turbulence.
4.4 Conclusions
A series of discharges, with similar density proﬁles and plasma current, in which triangularity
was varied from δ = 0.5 to δ = −0.4, were produced and investigated in TCV. Fluctuation
measurements over the region 0.4 < ρvol < 0.9 were performed using the CECE diagnostic.
The data show a strong reduction in the ﬂuctuations amplitude at the edge of plasmas with
negative triangularity compared to positive triangularity (see ﬁgures 4.1.3a and 4.1.3b). This
suppression seems to penetrate up to ρvol = 0.55 where the local triangularity at this ﬂux
surface (∼0.12) is already much lower than at the edge (less than ∼ 40% of the edge value) in
both positive and negative triangularity plasmas.
When the ﬂuctuation data are plotted versus the normalized scale lengths at the position of
the emission volumes, a threshold behaviour is observed both on density and temperature
for the positive triangularity discharges but not in the presence of negative triangularity (see
ﬁgures 4.1.3c and 4.1.3d). These measurements were taken over a considerable extension of
the minor radius where the scale lengths were not the only parameters varying. However, due
to the extreme similarity of the proﬁles of many other quantities and the fact that these scale
lengths are supposed to constitute the drives for the observed ﬂuctuations, these trends show
the presence of a higher threshold for ﬂuctuations onset in negative triangularity plasmas.
This is in agreement with the results of nonlinear gyrokinetic ﬂux tube simulations.
Correlation analysis show lower correlation coefﬁcients for negative triangularity plasmas. In
both shapes ﬂuctuations seem to propagate in the same direction, from the channels closest to
the plasma edge towards the plasma interior. All these observations suggest that an underlying
difference exists in the nature of the turbulence ﬂuctuations between negative and positive
triangularity plasmas.
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Figure 4.24 – Linear growth rate (γ) and frequency (ω), in real units, of the most unstable mode
for each wavenumber in three radial positions: ρtor = 0.6 (a), ρtor = 0.7 (b), ρtor = 0.8 (c).In
the ω plots, full markers correspond to modes that propagate in the electron diamagnetic
direction (TEM or ETG). Horizontal lines in the γ plots represent the estimated E ×B shearing
rate, with its uncertainty shown as the dashed line.
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A similar series of discharges was also developed at the vessel midplane to obtain proﬁles of
ion density and temperature. The latter is found to increase in negative δ plasmas similarly
to electron temperature. The z = 0 horizontal line was employed to obtain ﬂuctuations
measurements with results consistent with the measurements taken using the upper lateral
line of sight. The reduced ﬂuctuations amplitude observed in these cases can be attributed to
a combined effect of the larger pattern of the horizontal antenna, and the different poloidal
angle with respect to the emission volumes determined by the upper lateral line of sight.
The equilibria and proﬁles of these discharges were used as inputs for a series of linear
gyrokinetic simulations using the GENE code. These wavenumber scans found electron
driven modes (TEMs or ETGs) to be the dominant form of instability across the whole ky
spectrum. The linear growth rates calculated using the negative triangularity plasma proﬁles
and equilibria were up to 50% smaller than those found when the equilibrium was swapped
with that of the positive triangularity one. Estimates of the E×B shearing rate did not highlight
a direct effect of negative triangularity but suggested that ωE×B ∼ γ could have an effect on
the saturated state of the turbulence already for these ohmic discharges.
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5 Matching discharges with Te/Ti < 1
5.1 Introduction
It has been suggested that negative δ scenarios are interesting for the development of reactor-
like tokamak machines [84][27][28]. These conﬁgurations could provide attractive advan-
tages concerning the power handling problem, which is considered to be one of the major
challenges[85][86]. One of the main reasons that makes power handling so critical is that fu-
ture reactor-like machines are expected to operate in high-conﬁnement mode (H-mode) [87],
a scenario in which a transport barrier is formed close to the plasma edge. In this regime, the
pressure in a narrow region inside of last closed ﬂux surface is strongly increased, enhancing
pressure across the whole plasma proﬁle. This region is normally called the pedestal and is
characterized by large pressure gradients. These gradients, though, are associated with the
so called edge localized modes (ELMs) [88]. The ELMs are quasi-periodic relaxations of the
transport barrier, causing the expulsion of large amounts of energy and particles from the
plasma that can cause heat ﬂux peaking on plasma facing components exceeding the material
limits. In this context, negative triangularity scenarios present advantageous characteristics. A
series of experiments performed in TCV show how, upon entering H-mode, negative δ plasmas
develop more frequent but less intense ELMs at the expense of a lower pedestal [89]. A similar
effect on the pedestal height was also predicted using numerical codes [90]. In a negative
triangularity tokamak (NTT), the peak heat ﬂux on plasma facing components in the divertor
region could be further reduced by moving the strike point position towards the low ﬁeld
side, thus increasing the surface over which the heat load is distributed [28][84]. To possibly
counter this effect, though, other experimental [91] and numerical [92] works suggest that in
negative δ plasmas, the width of the scrape of layer may be reduced.
The observation of the suppression of ﬂuctuations and of improved conﬁnement with δ< 0
presented in chapter 4 constitutes another interesting argument that motivates research
towards the NTT. However, the results obtained in previous experiments in TCV [16][23][7][93]
can not simply be extrapolated to a reactor-like machine. One of the reasons is that the works
cited above only investigated the effects of negative δ on conﬁnement in ohmic or EC-heated
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discharges where, in the core, electron temperature is more than twice the ion temperature.
In the ohmic discharges presented in chapter 4, for example, Te/Ti ∼ 1 only for ρvol > 0.7.
Instead, in a reactor-like tokamak, it is expected that the conﬁnement time will be high enough
to allow thermalization of electrons and ions, leading to Te/Ti ∼ 1 across a large fraction of
the radial proﬁle. Recently , on DIII-D, L-mode discharges with negative triangularity, heated
with both ECH and NBI, reaching Te/Ti ∼ 1 were obtained. In these discharges, improved
conﬁnement and reduced ﬂuctuations were observed [29]. Gyro-ﬂuid simulations performed
using the TGLF code [94] show that the resulting turbulence is dominated by trapped electron
modes [29], similarly to what is observed in TCV [4][6][26].
This chapter focuses on measurements similar to those described in chapter 4 and in [93],
studying the effect of negative δ on ﬂuctuations and conﬁnement, in more reactor-like relevant
regimes, characterized by Te/Ti ∼ 1 and strong ion drive. To do so, the NBI system of TCV
[31] was exploited to produce a pair of discharges with symmetric positive and negative δ and
comparable density and current density proﬁles, in which Te/Ti ≤ 1 across a large fraction
of the radial proﬁle. The goal in this case was to obtain two discharges as similar as possible,
except for the shapes, in order to compare conﬁnement and ﬂuctuations while excluding a
strong inﬂuence of parameters other than triangularity. Furthermore, reduction in the value
of Te/Ti is considered one of the main factors that drives the change in the turbulence regime
from electron to ion dominated, thus possibly allowing the study of ﬂuctuations in an ITG
dominated plasma or a mixed ITG/TEM regime. Linear, ﬂux-tube gyrokinetic simulations,
using the experimental proﬁles as inputs, were run to investigate the effective dominant
turbulence regimes in these cases.
5.2 Development of matching NBI heated discharges with positive
and negative δ
A reference discharge with negative triangularity, heated with NBI, was developed at the
vessel midplane (z = 0 cm) with the following characteristics: plasma current Ip = 230 kA,
line averaged density nav = 2.9 1019 m−3, δ = -0.4, κ = 1.4. The plasma was heated with
300 kW of NBI for 1 s. NBI injection was on-axis since the plasma was centered at z = 0. A
symmetric positive triangularity (δ = +0.4, κ = 1.4) discharge was developed, with similar
density and current proﬁles, for comparison. The geometry of the two plasmas are shown
in ﬁgure 5.1a and 5.1b. To obtain equivalent κ and q proﬁles, in the positive triangularity
discharge the plasma current was increased to 265 kA. The resulting q proﬁles for the two
discharges, calculated using the 1D transport code ASTRA [95], are shown in ﬁgure 5.2. The
positive δ plasma was heated in two 0.4 s different NBI phases of 300 and 1000 kW. The time
traces of the main parameters for the negative and positive δ discharges are shown in ﬁgures
5.3 and 5.4 respectively.
The ASTRA code [95] has been used to simulate the total beam heating power deposition, the
resulting current drive and the effective ohmic power in the different cases, as is shown in
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Figure 5.1 – Plasma geometry and CECE emission volumes for the positive and negative δ
discharges (a and b) and a zoomed detail of the CECE channels (c and d).











60797, >0, 1.45 s
58499, <0, 1 s
Figure 5.2 – Safety factor (q) proﬁles for the positive and negative triangularity discharges
calculated with ASTRA (c).
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Figure 5.3 – Time traces for plasma current Ip , line averaged density nav , core temperature
Te0 and density ne0, NBI power absorbed by the bulk plasma PNBI−>i ,e , βtor and energy
conﬁnement time τE for the reference discharge with δ< 0. Highlighted is the time interval
over which correlation analysis has been computed.
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Figure 5.4 – Time traces for plasma current Ip , line averaged density nav , core temperature
Te0 and density ne0, NBI power absorbed by the bulk plasma PNBI−>i ,e , βtor and energy
conﬁnement time τE for the discharges with δ > 0. Highlighted are the time intervals over
which correlation analysis has been computed, corresponding to the two different NBI power
levels.
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Ip [kA] PNBI nom. [kW] PNBI eff. [kW] Pohm [kW] Ptot [kW]
δ = -0.4 230 300 145 185 330
δ = +0.4 265 300 145 290 435
δ = +0.4 265 1000 290 180 470
Table 5.1 – Summary of nominal and effective ohmic and auxiliary power injected in the
positive and negative δ plasmas described in paragraph 5.2.
ﬁgures 5.5 and 5.6 for the negative and positive triangularity discharge respectively. In TCV ∼
20% of the NBI power is lost in interactions with the beam duct. Of the remaining power, a
fraction between 8% and 20% escapes the plasma by shine-through or ﬁrst orbit losses. The
fast ions are then conﬁned in the plasma and can transfer their energy to electrons or ions,
but part of them (29% - 35%) also undergo charge exchange reactions, escaping conﬁnement
before they can transfer their energy to the bulk plasma.
In the negative δ plasma discharge, Pohm ∼ 185 kW. In the positive δ phase with the same
nominal heating (PNB = 300 kW), instead, Pohm ∼ 290 kW due to the higher Ip and the lower
temperature, that in turn increases the necessary Vloop . Adding the absorbed NB power, ∼145
kW in both cases, the total heating for the two differently shaped plasmas is then ∼330 kW
(δ< 0) and ∼435 kW (δ> 0).
The resulting proﬁles for the negative δ discharge (PNB = 300 kW) are compared with those for
the ﬁrst (PNB = 300 kW) and second (PNB = 1000 kW) phases of the positive δ one in ﬁgures
5.7 and 5.8, respectively. In ﬁgure 5.7 it is possible to observe that even though the positive δ
plasma is subjected to ∼100 kW more of effective heating than the negative δ one, the latter
still presents higher electron and ion temperatures across the whole proﬁle, as was observed
for ohmic plasmas in chapter 4. Ion heating successfully increases the ion temperature to a
point where Te/Ti ∼ 1 across a large part of the radial proﬁle, in contrast to the previously
mentioned ohmic discharges, where Te/Ti > 2 in the core and Te/Ti ∼ 1 only for ρ > 0.7.
In the 1 MW NBI phase of the positive δ discharge, Pohm decreases to ∼ 180 kW, and the net
power injected by the beam is ∼290 kW for a total of ∼470 kW of heating power. In this phase,
the electron and ion temperature proﬁles are almost matched with that of the negative δ
plasma, as shown in ﬁgure 5.8b 5.8c. This is despite the fact that the negative δ plasma is
effectively subjected to less than 70% effective heating power with respect to the high power
positive δ case. A summary of the nominal and effective power for each of the cases discussed
until now is presented in table 5.1. These observations show that negative triangularity could
maintain its beneﬁcial effect on conﬁnement also in plasmas closer to what is expected in a
reactor-like machine with respect to past experiments in TCV.
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PNB  -> i,e
PNB, conf
PNB, inj
Figure 5.5 – Time traces of the ohmic power Pohm and breakdown of the distribution of
NBI power in the negative triangulartiy discharge (δ=-0.4). Starting from the nominal PNB ,
the losses in the beam duct reduce it to PNB ,in j ; after shine through and ﬁrst orbit losses
PNB ,con f remains and, taking into account charge exchange losses, PNB−>i ,e is the actual
power transferred to ions and electrons. Highlighted is the time interval over which correlation
analysis has been computed.
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Figure 5.6 – Same as ﬁgure 5.5 but for δ=+0.4. Highlighted are the two time intervals over
which correlation analysis has been computed.
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Figure 5.7 – Proﬁles and normalized scale lenghts for electron density (a and e), electron
temperature (b and f) and ion temperature (c and g), electron to ion temperature ratio (d)
and inverse effective collisionality (h). The proﬁles of the negatve δ case, heated with 300 kW
(blue), are compared with those of the positive δ case heated with 300kW (red).
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Figure 5.8 – Proﬁles and normalized scale lenghts for electron density (a and e), electron
temperature (b and f) and ion temperature (c and g), electron to ion temperature ratio (d)
and inverse effective collisionality (h). The proﬁles of the negatve δ case, heated with 300 kW
(blue), are compared with those of the positive δ case heated with 1000 kW (green).
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5.2.1 Measurements of temperature ﬂuctuations
The CECE diagnostic was used to study radiative temperature ﬂuctuations in these discharges.
The horizontal line of sight located at the vessel midplane was selected to optimize the plasma
coverage of the diagnostic. The frequency separation between the six channels was set to
300 MHz, covering the region 0.57< ρvol < 0.78. The emission volumes for the two shapes
are shown in ﬁgure 5.1a and 5.1b and the corresponding emissivity proﬁles over the plasma
normalized radius in ﬁgure 5.9. As already mentioned in chapter 4, the antenna pattern
of this line of sight leads to poorer sensitivity to smaller ﬂuctuating structures, compared
to the steerable, upper lateral, line of sight. For plasmas centered at the vessel midplane,
though, the angle between the upper lateral line of sight and the ECE resonance layers would
be small enough to generate emission volumes strongly elongated in the vertical directions,
compromising the localisation of the measurements.
The cross power spectral density obtained from cross correlation analysis of a pair of neigh-
bouring channels at ρvol = 0.75 is shown in ﬁgure 5.10. For the positive triangularity dis-
charges, a higher level of ﬂuctuations can be observed in the 20-50 kHz frequency range. The
ﬂuctuation amplitude, in ﬁgure 5.11a and 5.11b, is obtained by integrating the CPSD’s over
that frequency range. Fluctuations in the positive δ plasma, in both NBI phases, are about
twice as strong as those in the negative δ one, similar to what has been observed in ohmic
discharges when using the z = 0 horizontal line of sight, described in paragraph 3.5.1, see
ﬁgure 4.20b. The upper limit contribution of density ﬂuctuations to the measured radiative
temperature density ﬂuctuations is calculated, as explained in 3.3.2 to be below 10% and 18%
for negative and positive δ discharges respectively.
Beside injecting energy, the NBI is also a strong source of momentum for the plasma, that
drives rotation. The tangential NBI available to TCV, when used on plasmas centred around
the vessel mid plane (on-axis heating) mainly induces strong toroidal rotation. This is shown
in ﬁgures 5.12a and 5.12b. In the NBI heated discharges, in fact, the toroidal velocity is strongly
increased with respect to the ohmic discharges.
The increased toroidal rotation observed for these discharges, could affect the CECE measure-
ments due to Doppler effect broadening of the ﬂuctuations spectrum. As a consequence, an
observed reduction of the ﬂuctuations amplitude could be due to the spectral broadening and
not to a change in the turbulence characteristics of the plasma. In this case, though, a change
in toroidal velocity cannot by itself explain the observed ﬂuctuations suppression observed
in the negative triangularity discharge. As seen in ﬁgure 5.12b, in the radial positions where
CECE collected ﬂuctuations measurements, the toroidal velocity in the high power phase
of the positive triangularity discharge is higher than in the negative triangularity discharge.
In any case, on TCV, is currently impossible to test separately the effects of rotation from
the additional ion heating. To overcome this problem one possibility is to have two NBIs,
injecting particles in the co- and counter- current directions respectively. In this way ion
heating can be applied without driving any net rotation in the plasma. This technique was
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Figure 5.9 – Emissivity proﬁles for the CECE channels in the positive and negative δ plasmas,
calculated as detailed in appendix A.
Figure 5.10 – Cross power spectral density of ﬂuctuations for two neighbouring channels at
ρvol ∼ 0.75.
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(b)
Figure 5.11 – Relative (a) and absolute (b) amplitude of the ﬂuctuations obtained by integrating
the CPSD of neighbouring channels between 25 and 50 kHz.
already successfully applied on DII-D [96] and Alcator C-Mod [97] for the study of ﬂuctuations
in H-mode and I-mode respectively. With the next upgrade phases planned in TCV, a second
NBI will be installed in the opposite direction as the one current available. At that point the
effects of rotation and ion heating could be probed separately.
5.2.2 Linear GENE simulations
Due to the similarity in pressure proﬁles and equilibrium, apart from the triangularity, these
discharges are good models for simulations using gyrokinetic codes. Linear, ﬂux-tube GENE
[25] simulations were run using the proﬁles of the δ < 0 discharge during the NB phase, in
three different radial positions, corresponding to ρtor = [0.6, 0.685, 0.8]. This was done for
both the negative and positive δ equilibria, keeping the proﬁles unaltered. As the simulations
presented in chapter 4, these runs used three kinetic species (with carbon proﬁles calculated
from CXRS measurements), kept into account collisions and electromagnetic effects.
In ﬁgure 5.13 the normalized growth rate γ∗R/cs and frequency ω∗R/cs of the most unstable
mode are shown for a range of wavenumbers at the three different radial positions. In the
normalization R = 0.88 m is the major radius and cs = sqr t( TemD ). Full and hollow markers
represent modes propagating in the electron and ion diamagnetic directions, indicating
TEM/ETG and ITG modes respectively. As already observed [6][4], negative δ lowers the linear
growth rate of the most unstable mode for low ky . This effect is stronger towards the plasma
edge, consistent with the fact that, for these ﬂux-tube simulations, triangularity is a local
parameter whose magnitude quickly reduces when moving towards the plasma core. While in
previous simulations electron driven modes (in particular TEMs) were found to be dominant
at all wavenumbers and radial locations, in these NBI heated discharges ion branches (ITG)
appear dominant for low wavenumbers, especially for ρtor = 0.6 and 0.685. For all radii and
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(b)
Figure 5.12 – Toroidal angular speed of the carbon ions in the plasma as measured by the
CXRS in the ohmic discharges presented in paragraph 4.3 (a) and in the NBI heated discharges
presented in this chapter (b).
shapes, electron temperature gradient (ETG) modes become dominant for high wavenumbers.
As is especially visible in ﬁgure 5.14, the linear growth rates for unstable modes in negative
triangularity plasmas, especially for low wavenumbers and large ρt or , are lower than in the
cases where the positive triangularity equilibrium was used. This is similar to what had been
observed in chapter 4. It is important to stress that, in this cases, negative triangularity displays
a stabilizing effect for low wavenumber modes also when ion driven modes are dominant.
These simulations, together with those presented in chapter 4, suggest that negative triangu-
larity inﬂuences the ﬂuctuations that are driven in tokamak plasmas, with less unstable modes
at low wavenumber, normally associated with larger contributions to overall particle and heat
transport. This is consistent with the experimental observations in which higher ﬂuctuations
amplitude has been measured for the positive δ plasma in a pair of discharges with matched
proﬁles. In particular this effect was observed not to be limited just to discharges in which
electron modes were the dominant source of instabilities. In fact, it could be observed also in
discharges in which the unstable modes were a mix of ITG and TEM.
The E ×B shearing rate was estimated also for these cases and is shown in ﬁgure 5.14 as
horizontal lines in the linear growth rate plots, where dashed line correspond to the uncertainty.
Also in this case, due to the large uncertainty in the measurements, especially for the high
power phase of the positive triangularity discharge, a direct effect of triangularity on ωE×B
could not be identiﬁed.
Sensitivity to the impurity content
The results of these simulations were found to be particularly sensitive to the impurity content
of the plasma. Figure 5.15 shows the effects of different settings of Ze f f on the simulations
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Figure 5.13 – Normalized linear growth rate (γ∗R/cs) and frequency (ω∗R/cs) of the most
unstable mode for each wavenumber in three radial positions: ρtor = 0.6 (a), ρtor = 0.685 (b),
ρtor = 0.8 (c).In the ω plots, full markers correspond to modes that propagate in the electron
diamagnetic direction (TEM or ETG).
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Figure 5.14 – Linear growth rate (γ) and frequency (ω), in real units, of the most unstable mode
for each wavenumber in three radial positions: ρtor = 0.6 (a), ρtor = 0.685 (b), ρtor = 0.8 (c).In
the ω plots, full markers correspond to modes that propagate in the electron diamagnetic
direction (TEM or ETG). Simulations have been run using the same electrons and ions proﬁles,
changing the plasma equilibrium from negative triangularity (blue) to positive triangularity
(red). Horizontal lines in the γ plots represent the estimated E ×B shearing rate, with its
uncertainty shown as the dashed line.
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results. It is particularly evident how the addition of carbon in the simulations inﬂuences the
growth rate of the most unstable mode, lowering it substantially with respect to a simulation
with just two active species (squares versus circles).
As already mentioned, the results presented in ﬁgure 5.13 were obtained using the carbon
concentration measured by the CXRS measurements, resulting in Ze f f = 1.3. This solution
is consistent with the assumption that carbon is the only impurity in the plasma, normally
realistic in a carbon wall machine such as TCV. This assumption is challenged for these
discharges, since use of NBI in TCV is believed to cause the injection of metal impurities in
the plasma, mainly coming from the beam duct [98]. An estimation of Ze f f independent
of the CXRS measurements is routinely obtained on TCV through the use of current density
balance: Ip = Iohm + ICD + IBS . The bootstrap current IBS is calculated from plasma proﬁles
using a neoclassic model [99][100] by assuming a stationary plasma over the current diffusion
time. The current drive ICD , from both ECRH and NBI, is calculated using TORAY and ASTRA,
respectively. From the measurement of loop voltage Vloop , then, it is possible to estimate
the Ze f f that would give the plasma a resistivity suitable to achieve the correct value of Iohm
according to the neoclassical model. In the discharges discussed in this chapter and in chapter
4, Ze f f calculated in this way is always found to be higher than the value obtained taking
into account solely the carbon content measured by CXRS. For the negative δ discharge, this
estimation results in Ze f f = 2.91, much higher than what has been estimated using carbon
as the only impurity (1.3). To avoid running a simulation where this effective charge has
to be reached by unrealistically increasing the carbon content, thus diluting the main ion
species, a test has been performed with four active species. Using iron (Z = 26) as a fourth
active species it has been possible to match Ze f f = 2.91, while maintaining the realistic carbon
proﬁles measured by CXRS. In doing so, it is assumed that TFe = TC and R/LTFe = R/LTC
R/LnFe = R/LnC while nFe , nD and R/LnD are calculated imposing charge neutrality. The
results of these simulations are shown in ﬁgure 5.15. While adding iron as an active species
does not inﬂuence the growth rate for low wavenumbers with respect to using only carbon,
according to the CXRS measurements, it is interesting to notice that the sign of the frequency
for these modes becomes negative, implying that, linearly, the electron drive has become
dominant.
Taking into account the presence of impurities other than carbon is thought to be the more
realistic approach to study these discharges, but non-linear simulations are necessary to
understand which of these two methods leads to more realistic saturated heat ﬂuxes. This may
ideally require taking into account also ﬂuctuations at the electron scale, since the growth
rates for high ky seem to be affected by the different way of treating Ze f f .
Extensive non-linear simulations are necessary to pursue an in depth study of the effects of
shape on the stability of turbulent modes in these discharges, as was done for example in
[4]. Global, non-linear simulations would also help understand the nature of the non local
inﬂuence that negative triangularity seems to exert on ﬂuctuations. Flux-driven simulations,
in particular, would reduce the impact of the proﬁles measurements uncertainty on the ﬁnal
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Figure 5.15 – Normalized linear growth rate (γ) and frequency (ω) of the most unstable mode
for each wavenumber with different impurity content of the plasma: no impurities (circles);
carbon in concentration measured by CXRS (squares); carbon in concentration to match
Ze f f = 2.91 (triangles); carbon with concentration measured by CXRS and iron to match
Ze f f = 2.91 (stars). The simulations have been run using the proﬁles of the δ=−0.4 plasma at
ρtor = 0.685
saturated state. The results of these simulations which are beyond the scope of this thesis,
could be processed with a synthetic diagnostic for the CECE diagnostic [101] and compared
with the experimental measurements.
5.3 Conclusions
A pair of positive and negative δ discharges, heated with NBI, were developed with comparable
density and current proﬁles. The negative δ plasma discharge exhibits higher conﬁnement
with respect to the positive triangularity one, also in presence of ion heating. To obtain compa-
rable temperature proﬁles, almost 1.5 times total effective power had to be used in the positive
δ plasma with respect to the negative δ one, as shown in table 5.1. Radiative temperature
ﬂuctuation measurements using the CECE diagnostic found ﬂuctuation amplitudes to be
almost twice as large in the positive δ cases with respect to the negative δ, see ﬁgure 5.11. It
was excluded that the suppression of ﬂuctuation could be associated exclusively to spectral
broadening caused by a change in the toroidal rotation. Future works, after the installation
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of a second NBI on TCV, could properly investigate the effects of rotation and ion heating on
ﬂuctuations separately.
Flux-tube, linear GENE simulations suggest that, in these plasmas, ﬂuctuations are mixed
TEM/ITG. The dominant turbulence regime strongly depends on the amount and type of
impurities. Negative triangularity has been found to reduce the linear growth rates of low
wavenumber modes, with a stronger effect in outer radial positions, suggesting reduced
saturated transport also in these NBI heated discharges where Te/Ti ∼ 1. Estimates of the
E ×B shearing rate suggest that shear may have important effects on the saturated state of
turbulence, but no direct effect of triangularity on ωE×B was observed. Non-linear and global
simulations are necessary to further investigate the underlying causes of these effects and the
inﬂuence of triangularity in positions closer to the plasma core.
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6 Effects of collisionality and Te/Ti on
ﬂuctuations in positive and negative δ
plasmas
6.1 Introduction
It has already been reported, in Chapter 4, how shape, and in particular triangularity, can
affect ﬂuctuations and transport in different sets of plasma conditions. Past experiments on
TCV [3] highlighted that high collisionality reduces the relative improvement of conﬁnement
observed in negative with respect to positive triangularity plasmas. For high density, ohmic
discharges, no difference in χe was observed. This suggests that different plasma parameters
can affect the way negative triangulartiy inﬂuences transport. Plasma conditions are known
to strongly affect the type and intensity of turbulence developed during a discharge. For
example, collisionality has a stabilizing effect on trapped electron modes (TEMs) [102] and
the ratio Te/Ti constitutes an important term in determining the relative strength of the ion
and electron instability drives. A ﬁrst experimental investigation into the combined effects of
triangularity and collisionality on ﬂuctuations has been already conducted in [7]. The aim of
the present work is to study the behaviour of ﬂuctuations in a large parameter space, including
a variety of plasma shapes, collisionality and Te/Ti values.
For this purpose, a database has been built putting together a series of discharges where
density, ECRH and NB heating are varied in plasmas with positive and negative triangularity.
In all of these discharges, radiative temperature ﬂuctuations are measured using the CECE
diagnostic.
Building a database of discharges with different heating schemes and density, in particular
including discharges in which Te/Ti ∼ 1, allows one to verify if the effects of negative δ already
discovered in previous studies [17][16][23][7] are also found in conditions that are closer to
those of a reactor [28][84].
In addition, it is interesting to experimentally investigate the effect of triangularity on the
threshold for the onset of ﬂuctuations [103] and the dependence of the ﬂuctuations amplitude
on the normalized temperature gradients [5][6][26]. While in this study the local temperature
gradient has not been tailored by varying the on and off-axis ECH power in a single discharge,
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as was done in [103], the variety of plasma discharges in the database allows measuring tem-
perature ﬂuctuations in equilibrium situations with different normalized temperature scale
lengths for otherwise very similar plasma conditions. Temperature ﬂuctuation measurements
can then be used to investigate the effects of triangularity on critical gradients and stiffness.
6.2 Experimental method
The database contains 50 limited, L-mode discharges, 32 with positive triangularity (δ= .0.4)
and 18 with negative triangularity (δ=−0.4). The shaping was not perfectly symmetrical for
all discharges. Elongation varied between 1.4 and 1.5 in both shapes. Plasma current was kept
ﬁxed in all discharges at 230 kA, causing differences in the safety factor proﬁles (q95 ∼ 3.3 and
q95 ∼ 3.8 for the negative and positive triangualrity discharges respectively). In these plasmas
the line averaged density, calculated along the central chord of the FIR, is varied from 1·10−19
to 3.5·10−19 m−3. EC heating is applied using one or two gyrotrons (using both an equatorial
and an upper lateral launcher), pointing slightly off the plasma axis but still inside the q = 1
surface, in order to reduce the impact of sawteeth [104]. Plasmas included in the database
where ECH was applied, are heated using either one gyrotron at 365 kW, two gyrotrons at 365
kW or two gyrotrons at 475 kW. Neutral beam heating is applied to some of the negative (300
kW) and positive (300 or 950 kW) triangularity discharges. Taking into account also the ohmic
power, the total nominal power (without taking into account of effective absorption of NBI
power) in plasmas varies between 150 and 1500 kW. In all discharges the plasma axis is set
at z = 0 cm in order to have on-axis NB injection when the heating beam is used and CXRS
measurements across the whole plasma proﬁle. The discharges studied have conﬁnement
times varying between 2 and 20 ms.
CECE measurements are taken using the z = 0 horizontal line of sight, with channels spaced
by 300 MHz. The dedicated RF stage of the CECE diagnostic ( fLO = 61 GHz) was temporarily
connected to the z = 0 horizontal line of sight instead of the standard ECE radiometer RF
stage ( fLO = 64 GHz), in order to extend the ﬂuctuations measurements further towards the
plasma edge. For all of these discharges, the ﬂat top between 0.5 and 1.5 s was divided into
100 ms intervals (much larger than the energy conﬁnement time for all considered discharges,
varying from 2 to 17 ms). The plasma in one of these intervals was considered stationary, thus
appropriate for correlation analysis, if the plasma density did not vary more than 15% and
the heating power and mixture did not change. Equilibrium and current density were also
checked to not vary during the selected intervals.
The amplitude of the ﬂuctuationswas calculated fromcross-correlation analysis, as introduced
in paragraph 3.6, integrating the CPSD over the 20-50 kHz range, obtaining, for each time
interval, ﬂuctuations measurements in ﬁve different radial positions. In some of the discharges,
especially when auxiliary heating was applied, quasi-coherent modes could be observed in the
20-25 kHz range in the CPSD, similar to those visible in ﬁgure 5.10 for the negative triangularity





















Figure 6.1 – Inverse effective collisionality 1/νe f f for each channel time interval and discharge
included in the database, plotted versus the radial location of the measurement. The different
subﬁgures represent different windows of Te/Ti . The shade of color is related to the total
nominal power in the discharge (PECH +PNBI +POhm).
have been identiﬁed, and their amplitude subtracted with respect to the background spectra
around them.
The database contains a total of 1774 points, of which 1179 in positive δ discharges and
595 in negative δ ones. The local plasma conditions at the measurement points cover the
ranges 0.55< ρvol < 0.75, 0.1< 1/νe f f < 2, 0.5< Te/Ti < 5. As already deﬁned in 4.1, effective
collisionality is deﬁned as the ratio between the electron-ion collision rate and the electron
cuvature drift frequency and it is approximated as νe f f ∼ 0.1RZe f f ne/T 2e (with Te in keV, ne
in 10−19 m−3 and R in m). The parameter space covered is shown in ﬁgure 6.1 where each
point represents the measurement of a single channel in one stationary time interval. In
that ﬁgure the values of 1/νe f f , for different values of Te/Ti (both taken at the measurement
points) are plotted versus their radial location. The color of the points is related to plasma
triangularity while its hue to the nominal total power (PECH +PNBI +POhm) applied in the
speciﬁc discharge and time interval.
The upper boundary for the contribution of density ﬂuctuations to the radiative temperature
ﬂuctuation measurements included in the database, calculated as in paragraph 3.3.2, varied
between 3% and 22%.
6.3 Results
In all plasmas considered in this study, negative triangularity discharges show better conﬁne-
ment than positive triangularity ones for comparable plasma conditions. Figure 6.2 shows how
the H-factor H98(y,2) [105] is always higher for negative triangularity discharges with respect
to positive triangularity ones in plasmas with similar characteristics, summarized by νe f f at
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Figure 6.2 – H-factor H98(y,2) for each time interval and discharge considered in the database.
The data are divided in windows according to the electron-ion temperature ratio at the plasma
core.
ρvol = 0.55 (as was done in [3]) and Te/Ti at the plasma core. Most interestingly, this includes
plasmas with high collisionality and low Te/Ti . In this database, though, not high enough
values of collisionality were reached to probe the part of the parameter space where the rela-
tive conﬁnement improvement in negative triangularity compared to positive triangularity
discharges was strongly reduced in [3] (νe f f ,ρ=0.55 ∼ 2). In this ﬁgure each point represents
the plasma conditions in a stationary time interval for one of the database discharges. Plas-
mas with comparable conditions should present similar H-factors so the difference that is
observed between positive and negative δ discharges can only be due to triangularity effects
not accounted for in the scaling law.
One commonly accepted explanation for the rise in the value of χe at lower νe f f is the reduced
stabilization of turbulent ﬂuctuations. As was done in [7], the ﬂuctuation measurements have
been plotted in ﬁgure 6.3 against the corresponding local 1/νe f f , for all channels, time inter-
vals and discharges. At all νe f f values, in comparable radial positions, ﬂuctuations are higher
in positive δ than in negative δ plasmas. In both shapes, ﬂuctuation amplitude decreases
with increasing collisionality with the difference between positive and negative triangularity
reducing strongly for high νe f f values. This result is consistent with previous observations for
density ﬂuctuations [7] and with the behaviour of electron heat conductivity [3] mentioned
earlier. It is important to notice that all ﬂuctuation amplitudes below the diagnostic sensi-
tivity level (represented by the solid horizontal black line in the plot) are characterized by
relatively large uncertainties and represent measurements where no meaningful ﬂuctuation
was detected.
A possible explanation for the relative suppression of ﬂuctuations decreasing at higher col-
lisionlality can be produced by assuming that the beneﬁcial effect of negative triangularity
































































































Figure 6.3 – Relative Te ﬂuctuations (in %) in positive and negative triangularity as a function
of 1/νe f f for various radial positions (Δρ = 0.05). The colors of the different points are
related to the nominal power (Pohm + PECH + PNBI ) used in the discharges, with lighter colors
corresponding to higher power. The black lines represent the estimated sensitivity limit for
ﬂuctuations detection, below which ﬂuctuations are indistiguishable from noise.
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Figure 6.4 – Relative Te ﬂuctuations (in %) in positive and negative triangularity as a function
of 1/νe f f for all radial positions. The colors of the different points are related to the nominal
power (Pohm+PECH+PNBI ) used in the discharges, with lighter colors corresponding to higher
power. The black lines represent the estimated sensitivity limit for ﬂuctuations detection,
below which ﬂuctuations are indistiguishable from noise. Only points corresponding to
discharges for which Te/Ti ≤ 1.1 at the core are plotted.
transport in the plasma. Since collisionality has also a damping effect on turbulence drive
(especially for TEM) [102], its increase could reduce the relative conﬁnement improvement
provided by negative δ by reducing the relative inﬂuence of ﬂuctuations on transport. It is
of particular interest to notice that also for plasmas where Te/Ti ≤ 1, obtained using NBI
heating, ﬂuctuations are higher in positive δ cases for a large range of collisionalities. This
is highlighted in ﬁgure 6.4, where only points in which (Te/Ti )ρ=0 ≤ 1.1 are shown. For the
negative δ discharges, the amplitude of the measured ﬂuctuations is so low that they can
hardly be distinguished from noise. This does not exclude the existence of an underlying trend
that the CECE in this speciﬁc conﬁguration could not observe.
The data gathered in this database also allow to observe the effects of varying Te/Ti , an im-
portant factor in determining the drive of different turbulent modes, on the ﬂuctuations
amplitude. Plotting the same set of data as in ﬁgure 6.3 directly against Te/Ti , shown in ﬁgure
6.5, no clear trend can be identiﬁed for any of the combinations of radial position and colli-
sionality. While a positive correlation between δTe/Te and Te/Ti could be deduced by some
of the plots in ﬁgure 6.3, that is partly related to the dependence of relative ﬂuctuations on Te
alone, shown in ﬁgure 6.6. This latter dependence is to be expected due to the dependence
of ﬂuctuations amplitude on νe f f illustrated in ﬁgure 6.3. If that is taken into account, the
temperature ratio does not seem to have a direct effect on ﬂuctuations for the parameter space
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studied in this database.
Suppression of ﬂuctuations in negative δ plasmas can still be observed across the whole
range of Te/Ti explored. Only in few cases the measurements in positive and negative δ show
comparable levels of ﬂuctuations for similar Te/Ti . In conclusion, from the data collected in
these experiments, a direct effect of Te/Ti on ﬂuctuations could not be determined. This can
be due to not exploring plasma conditions where these effects would have been visible, or to
the limited sensitivity of the diagnostic to small ﬂuctuating structures. It is observed, though,
that negative triangularity causes suppression of the ﬂuctuations for all Te/Ti values explored
in these experiments.
As already mentioned in paragraph 4.1.2, gyrokinetic simulations, run for a pair of positive and
negative δ plasmas with identical proﬁles, suggest that negative triangularity could act on the
gradient threshold necessary for the onset of turbulent modes [6]. To elucidate this effect, the
ﬂuctuations amplitude is plotted with respect to the local normalized electron temperature
scale length ( RLTe
= R∇Te/Te ) for different radial positions and collisionality. In ﬁgure 6.7 it is
possible to observe how ﬂuctuations in negative δ discharges are, in almost all cases, lower
than in positive δ ones for comparable normalized gradients. This suggests that mechanisms
such as those sketched in ﬁgure 4.5 [6] could be at play for temperature ﬂuctuations. Negative
triangularity could increase the gradient threshold for the onset of turbulence, decrease the
dependence of ﬂuctuations amplitude on the driving gradient or a combination of both
these effects. To properly test these hypothesis, though, dedicated experiments with varying
amounts of ECH power deposited inside and outside the measurement location, as was done
in [103], are necessary.
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Figure 6.5 – Relative Te ﬂuctuations (in %) in positive and negative triangularity as a function of
Te/Ti for different combinations of radial positions (Δρ = 0.05) and 1/νe f f . The colors of the
different points are related to the nominal power (Pohm+PECH+PNBI ) used in the discharges,
with lighter colors corresponding to higher power. The black lines represent the estimated



















































































































Figure 6.6 – Relative Te ﬂuctuations (in %) in positive and negative triangularity as a function
of Te for different combinations of radial positions (Δρ = 0.05) and 1/νe f f . The colors of the
different points are related to the nominal power (Pohm+PECH+PNBI ) used in the discharges,
with lighter colors corresponding to higher power. The black lines represent the estimated
sensitivity limit for ﬂuctuations detection, below which ﬂuctuations are indistiguishable from
noise.
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Figure 6.7 – Relative Te ﬂuctuations (in %) in positive and negative triangularity as a function
of R/LTe for all radial positions. The colors of the different points are related to the nominal





A database of Te ﬂuctuation measurements in positive and negative δ discharges was con-
structed across a wide range of parameters. The effective collisionality νe f f and the Te/Ti ratio
have been varied by changing the plasma density and by combining the ECH and NBI systems
of TCV at various power levels. In all discharges radiative temperature ﬂuctuations have
been measured using the CECE diagnostic looking at the plasma through the z=0 horizontal
line of sight. Negative triangularity is found to improve the conﬁnement time in all cases
corresponding to comparable plasma conditions. This holds true also at high collisionality
and low Te/Ti values, regimes previously not explored experimentally on TCV.
The ﬂuctuation measurements conﬁrm the suppressing effect of collisionality on ﬂuctuations
and, in particular, recover the reduction of relative improvement of negative δ plasmas with
respect to the positive δ ones at high collisionality [3][7]. Most importantly, these effects
appear also when Te/Ti ∼ 1, making these observations fully relevant to reactor-like machines.
No correlation is found, in the discharges composing this study, between Te/Ti and ﬂuctuation
amplitude. It is noted that this could be due to the limits of the parameter space explored, or
to speciﬁc limitations of the diagnostic sensitivity.
Finally, ﬂuctuations in negative δ plasmas are found to be of lower amplitude than in positive
δ ones for similar R/LTe , in all the explored combinations of collisionality and radial posi-
tions. This points toward the fact that negative triangularity affects the onset mechanism of
ﬂuctuations, as already suggested by numerical simulations results in [6]. This experimental
observation could be explained, in fact, on the basis of a higher critical gradients for negative δ
plasmas, lower stiffness in the dependence of ﬂuctuation amplitudes upon R/LTe (as sketched
in ﬁgure 4.5), or a combination of both.
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7 Conclusions and outlook
By using the CECE diagnostic on TCV, which allows measuring low amplitude, large bandwidth
ﬂuctuations, this thesis studied the inﬂuence of various plasma parameters and plasma
shaping, on radiative temperature ﬂuctuations in a tokamak. To take advantage the variety of
plasma conﬁgurations available to TCV, the CECE diagnostic is connected to three different
lines of sight. The upper lateral, dual-axis steerable one has an antenna pattern that allows the
study of a larger spectrum of ﬂuctuations, including higher wavenumbers than the horizontal
one. Furthermore, the six YIG IF ﬁlters and two RF stages with different LO frequencies grant
great freedom in the choice of the channel location.
The unparalleled shaping ﬂexibility of TCV, together with the versatility of the CECE diagnostic,
allowed the study of radiative temperature ﬂuctuations in positive and negative triangularity,
L-mode limited discharges, in a variety of plasma conditions.
In a series of low density ohmic discharges, with the same plasma current and comparable
density proﬁles, negative triangularity plasmas have higher temperature than those with
positive triangularity over the whole radial proﬁle, despite the fact that the magnitude of
triangulartity quickly vanishes when moving towards the plasma core. The resulting proﬁles
suggest the existence of a stiff region in the plasma (approximately 0.45 < ρvol < 0.75 for
these discharges) where R/LTe is insensitive to changes in various plasma parameters (in
this case triangularity). On the other hand, in the region just outside (ρvol > 0.75), gradients
vary in response to changes in the plasma conditions [5]. In these discharges, temperature
ﬂuctuations were measured in both of these regions. Fluctuations were found to be strongly
suppressed in negative triangularity discharges in the non stiff region, with the difference
between the two shapes quickly decreasing inside the stiff region of the plasma. A possible
explanation for these observations is that the improvement in conﬁnement caused by negative
δ, revealed by a steepening of the pressure gradient, is localized in the non stiff region closer
to the plasma edge, where the magnitude of triangularity is larger. Higher pressure across
the whole radial proﬁle results then from the fact that the normalized scale length in the stiff
region remains constant. These results qualitatively agree with previous experiments in TCV
that found that negative triangularity discharges are characterized by reduced ﬂuctuations
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and improved conﬁnement in low collisionality plasmas with high Te/Ti ratio [89][23][3][7].
This work was the ﬁrst on TCV to employ the NBI heating system to obtain negative triangu-
larity plasmas where, Te/Ti ∼ 1 over a large fraction of the radial proﬁles. For this purpose,
a pair of discharges with matched density, safety factor proﬁles, elongation and opposite
triangularity were realized and heated with NBI, successfully reaching Te/Ti ≤ 1. Also in these
cases, the negative triangularity discharge presented higher electron and ion temperature
proﬁles across the whole normalized radius than the positive triangularity one, despite the
fact that the two plasmas were subjected to 330 kW and 435 kW of effective heating power,
respectively. Comparable electron temperature proﬁles were achieved by using ∼470 kW in
the positive triangularity discharge and ∼330 kW in the negative triangularity one. Also in this
case, radiative temperature ﬂuctuations, measured using the CECE diagnostic, are suppressed
in the negative δ case.
Linear gyrokinetic simulations, based on the experimental proﬁles, show a reduction of
the linear growth rates for low wavenumber modes in negative δ plasmas. The reduction is
stronger for radial positions closer to the plasma edge, where the magnitude of the triangularity
is higher. According to the simulations, the unstable modes are a mix of ITG and TEM, a
different situation with respect to the pure TEM turbulence found for plasmas with Te/Ti > 1
in previous studies. Non linear simulations are necessary to study also the saturated state of
turbulent instabilities in these plasmas. The simulations conﬁrmed the important effect of
impurities on the linear instability spectrum. Impurities mainly have a stabilizing effect on
low wavenumber modes (kyρs < 1) but, depending on the quantity and on which impurity
species are actually used in the simulation, they can change the linear dominant turbulence
from ITG to TEM. These results highlight how important is a thorough characterization of the
impurity content of TCV plasmas in order to run simulations whose results can be directly
compared with the experimental measurements.
To further extend the parameter space of the investigation, a series of discharges were realized,
in which large ranges of collisionality values and Te/Ti ratios were obtained for positive and
negative triangularity discharges. Temperature ﬂuctuations were measured in all parameter
combinations using the CECE diagnostic. These measurements showed that negative trian-
gularity improves plasma conﬁnement and reduces ﬂuctuations across a wide range of νe f f
and Te/Ti values. Collisionality was found to be the main actor in controlling by how much
ﬂuctuations are suppressed in negative δ plasmas, with the strongest effect observed for the
lowest collisionality. The ratio Te/Ti was not found to have a strong effect on the ﬂuctuation
amplitudes for any combination of the parameters explored in this work. Naturally it cannot
be excluded that Te/Ti plays a more important role in a different parameters space, or on
ﬂuctuations whose wavenumbers fall outside the diagnostic sensitivity limits. Measurements
in comparable radial positions, for plasmas with similar collisionality and the same normal-
ized scale lengths, show higher ﬂuctuation amplitudes in positive triangularity discharges.
These observations suggest that the stabilizing effect of negative δ on ﬂuctuations could
take the form of a higher critical threshold gradient for the onset of ﬂuctuations, a weaker
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proportionality between gradient and ﬂuctuation amplitude, or a combination of both [6].
For the continuation of the studies on the effects of plasma conditions on core turbulent
ﬂuctuations in TCV, the use of additional diagnostic techniques could be very beneﬁcial.
For example the recently commissioned reﬂectometer system [65] and the tangential phase
contrast imaging (TPCI) [7], for which a substantial upgrade is planned in the coming years,
could provide density ﬂuctuation measurements in a wider range of plasma densities, with
the possibilities of quantifying also the ﬂuctuations’ wavenumber spectrum. The possibility of
studying discharges using the CECE together with these other ﬂuctuation diagnostics would
provide a more complete characterization of turbulent modes. In particular, the shared line of
sight between the CECE and the reﬂectometer can be used to perform density-temperature
ﬂuctuations cross-phase measurements [66][101], of particular interest for comparing ex-
perimental measurements with the results of gyrokinetic simulations [106]. Furthermore,
reﬂectometry and TPCI can be used to extend the study of ﬂuctuations to higher density
plasmas, in which the CECE was unable to take measurements due to cutoff blocking access to
the resonance layers. In the coming year the installation of a second 1 MW NBI is planned on
TCV, injecting particles in the opposite direction with respect to the ﬁrst one. This, in addition
to further extending the parameter space accessible to TCV, will allow the study of the effects
of ion heating and rotation on ﬂuctuations separately.
Despite extended experimental efforts, the underlying causes for the suppression of ﬂuc-
tuations in negative triangularity discharges are not fully understood yet. An extensive set
of numerical simulations is necessary. Global, non-linear simulations are considered to be
necessary in order to reproduce the conﬁnement improvement also for inner radii where
triangularity is vanishing. Non-linear ﬂux-tube simulations can also be used to verify if the
same mechanisms already observed for the pure TEM discharges [4][26] also apply to mixed
TEM/ITG plasmas, as identiﬁed by the linear simulations. Finally, once a good match is
achieved between the simulated and experimentally measured heat ﬂuxes, the application of
a synthetic CECE diagnostic can provide further ways to validate the numerical results.
The measured suppression of ﬂuctuations in negative triangularity plasmas compared to
positive triangularity ones, and the simultaneous conﬁnement improvement, can be likened
to past studies of H-mode plasmas in DIII-D [96] and I-mode plasmas in Alcator C-Mod [97].
There, in fact, a reduction of core ﬂuctuations amplitude was observed when transitioning
into the high conﬁnement regime. While in the case of H-mode it is commonly accepted that
the transport barrier is related to changes in the ExB shearing rate at the plasma edge, it has
also been observed that, in the L-H transition, the stiff region of the plasma (as deﬁned in [5])
extends up to the pedestal [107]. This draws further analogies with the results presented in
this and past works, which suggest that the improved conﬁnement in negative triangularity
can be partly due to a change in the stiffness characteristics close to the plasma edge. These
similarities could be the addressed in future works.
In conclusion, this thesis work provides a characterization of radiative temperature ﬂuctua-
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tions over the largest parameter space ever explored in TCV in this kind of study. In addition to
quantities more commonplace in studies performed in other tokamaks, the shaping ﬂexibility
of TCV allowed the study of the effects of negative triangularity on transport and conﬁne-
ment. The obtained results corroborate the conclusions of past experiments and extend the
parameter range of observations to low Te/Ti ratio plasmas, of particular interest for future
reactor-like tokamaks. Negative triangularity is found to have strong, beneﬁcial effects on
conﬁnement in all parameters combinations in the database. Most importantly, the range
of parameters explored in these experiments includes regions of interest for future, large
reactor-like tokamaks, namely low collisionality and Te/Ti ∼ 1. Linear gyrokinetic simulations
predict a stabilizing effect for negative δ also in cases in which the dominant intabilities were
a mix of ITG and TEM. These results are particularly interesting in the frame of the building
interest in the fusion ﬁeld towards negative triangularity. The possibility of designing a fu-
ture reactor-like tokamak with negative δ was already explored in the past [84][27][28] and
beneﬁcial effects were foreseen, such as more frequent, less intense ELMs and the possibility
of having the strike point laying on the LFS, signiﬁcantly increasing the surface area avail-
able for management of the plasma power exhaust. Recently, for the ﬁrst time in a machine
other than TCV, experiments have been performed where negative δ plasmas showed better
conﬁnement and suppressed ﬂuctuations in a variety of heating schemes [29]. The idea that
it could be possible to obtain H-mode like levels of conﬁnement in L-mode plasmas with
negative triangularity is obviously attractive since it would potentially resolve the problem of
the control of edge localised modes [30]. The piling up of evidence, from multiple tokamaks
and covering a large parameter space, of the beneﬁcial effects of negative δ supports the
investigation of negative δ tokamaks as a viable alternative for future reactor-like machines.
Opening up the possibility of studying negative δ plasmas on a larger machine, designed so
that different diverted conﬁgurations could be easily explored, may be the next step towards
an innovative solution to some of the long standing issues that trouble the development of a
tokamak reactor.
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A Calculation of the emission volumes
position
Calculating the emission volumes of the ECE diagnostics channels is a fundamental step for
data analysis. This appendix details how this procedure is carried out in TCV.
The magnetic equilibrium of the plasma in the selected time window is obtained using the
CHEASE code [108]. This allows one to map the ﬂux surfaces in real space: ρ(r ). Electron
temperature and density, obtained from the Thomson scattering measurements, are also ﬁt
over the ﬂux surface coordinate yelding Te (ρ(r )), ne (ρ(r )). TORAY is used to propagate a set of
rays inside the plasma starting from the line of sight geometry parameters. For each channel, a
model for the gaussian beam at the channel’s frequency is created using Nrays rays (normally
Nrays = 40). In a far-ﬁeld approximation, the beam is considered to be generated by a point
source whose position and cone aperture angle are derived by the geometry of the line of
sight in use. Each ray carries the same power fraction in/from the antenna, and their starting
locations are distributed around the axis of the cone according to a gaussian distribution.
An example of the rays’ starting points distribution for a discharge in which the z=0 line was
selected is shown in ﬁgure A.1. The red points represent the central ray and the boundaries
that contain 95% of the emitted power. From these starting points the rays are propagated
inside the plasma at a given frequency, until the power is completely absorbed. In this way one
obtains the path of each ray as r (s), where s is the curvilinear coordinate following each ray.
The temperature and density proﬁles, obtained from the Thomson scattering measurements,
and the magnetic ﬁeld are then interpolated over each ray trajectory: Te (s), ne (s), B(s). Using
these quantities, the emissivity for second harmonic, X-mode ECE (G(s)) is calculated along
each ray trajectory.
G(s)= Te(s)α(s)e−τ(s) (A.1)
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Figure A.1 – Starting positions of the rays generated by TORAY (s = 0). The red points represent
the central ray and the four extremes that contain 95% of the emitted/collected power. In this
plot z is the vertical direction and y a direction tangential to the magnetic axis.
The absorption coefﬁcient for the nth harmonic of X-mode emission along each ray can be
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zn = 0 otherwise
(A.3)
In these equations N’ and N” are respectively the real and imaginary parts of the refractive




is the thermal velocity of electrons.
To take into account the effect of the intermediate frequency ﬁlters bandwidth (BIF ) on the
radial extension of the emission volumes, the emissivity proﬁles along the rays are calculated
for a number of frequencies between [f-BIF2 f+BIF2], where f is the central frequency of the
ﬁlters. This approach assumes that refraction is constant for changes in frequency of the order
of BIF . The emissivity proﬁles obtained for each of these frequencies are then summed in a
single emissivity proﬁle for each channel, along each ray.
For each ray the emission region is identiﬁed as the interval [s1 s2] that contains 95% of the













In between s1 and s2 a number Ns of points is deﬁned such that increments of the fraction of
the integral of G are constant between them. The union of these segments over all rays deﬁnes
the emission volume for a single channel. The mean of the plasma characteristics (Te , ne , B, r,
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ρ) are calculated over these points for every channel as:






f (si , j ) (A.5)
Finally, the normalized signal for each channel is multiplied by < Te > to obtain a calibrated
signal for the temperature ﬂuctuations.
As mentioned in paragraph 3.6.2, the dimension d of the emission volumes obtained in this
manner can be used to estimate the wavenumber sensitivity of the diagnostic. In equation
3.10 the spatial response of the diagnostic has been described with a gaussian characterized by
its 1/e folding lengths w and its standard deviation σ=w/2. The square of this distribution,
characterized by its standard deviation σp = σ/

2, describes the power collected by the
antenna. Since the rays generated by TORAY contain 95% of the beam power, the extension of
the emission volumes that have been calculated correspond to 2σp on each side of the center
of the beam: d = 4σp =w/2. According to equation 3.12, this leads to k ≤ 2/(dx,y,z/2)
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B Commissioning of the radiometers
Part of this thesis work consisted in the characterization and assembly of some components
of the ECE and CECE diagnostics in TCV. These measurements have been performed with a
Keysight N5224A PNA Microwave Network Analyzer, 10 MHz-43.5 GHz. Its frequency range
has been expanded using two pair of VDI VNA extender modules, covering the 50-75 GHZ
(WR-15) and 75-110 GHz (WR-10) frequency ranges respectively. The setup is calibrated at
every use with dedicated VDI calibration kits.
B.1 LFS ECE transmission lines
During the 2013-2014 TCV shutdown, the lines of sight of the LFS ECE have been moved in a
different toroidal sector and, thus, the transmission lines have been completely redesigned.
After their installation, their insertion loss has been tested using the PNA and the WR10
extender modules. The extender heads have been adapted to the circular waveguides using a
rectangular-to-circular waveguide transition. Results of these measurements are shown in
ﬁgure B.1.
B.2 CECE RF stage
The insertion loss of the components of the two new independent RF sections of the CECE
diagnostic (61 and 82 GHz local oscillators) has been tested over the 67-79 and 88-100 GHz
frequency ranges respectively. The two couples of VDI extender modules, WR15 for the
low frequency branch and WR10 for the high frequency one, have been employed for this
measurement. The S21 parameters showed in ﬁgure B.2 represent the insertion loss of the
notch ﬁlters (necessary to protect the system from ECRH power), the directional coupler
that splits power between the two front ends, and the high pass ﬁlter before each mixer (as
shown in ﬁgure 3.7 and ﬁgure 3.8). Including the 3 dB loss due to the directional coupler
connecting the two, both front ends lose less than 6 dB in the pre-mixing phase. The strong
attenuation at the lower frequencies is the effect of the high-pass, image reject ﬁlters of the two
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LFS ECE transmission lines
Z = 0
Z = 21 cm
Figure B.1 – Transmission loss in the LFS ECE transmission lines from the TCV vessel to the
radiometer input.













































Figure B.2 – Transmission loss in the pre-mixing stage of the two independent CECE front
ends. The measurements include the notch ﬁlters (82.7 and 118.3 GHZ), a directional coupler
splitting the power between the two front ends and the image reject high-pass ﬁlter.
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Figure B.3 – Insertion loss for the six channels of the CECE centered around the same frequency
(12.1 GHz).
radiometers.In ﬁgure B.2b, it is possible to see the effect of the 82.7 GHz notch ﬁlter, protecting
the system from X2 ECRH power.
After testing the functionality of the mixers and ampliﬁers, the radiometers have been assem-
bled and connected to the telescope as described in 3.5.1.
B.3 CECE IF stage
The transmission in the IF stage of the CECE has also been tested using the PNA. The frequency
range of operation of the YIG IF ﬁlters varies between 6 and 18 GHz so, in this case, use of
the extender modules has not been necessary. These tests included the core of the CECE
IF section: the power divider, the YIG IF ﬁlters and thee semirigid cables connecting them
to the multiplexer. The center frequencies of the ﬁlters have been scanned, recording the
S21 parameter at each step. These measurements have been used to assess the difference
in performance of the different CECE channels (especially the YIG ﬁlters), across the whole
frequency band. The results of these tests are shown for a single frequency step (ﬁgure B.3)
and for the whole frequency range, in dB (ﬁgure B.4), and in real units (ﬁgure B.5).
B.3.1 Routine testing the IF stage of the Correlation ECE
These detailed measurements have been followed by a simpler weekly test routine for several
months, in order to verify eventual degradation of the channels’ response. These tests involved
the whole IF stage, from the power divider to the acquisition, as shown in ﬁgure 3.12.
A HP 8350B Sweep Oscillator has been used to produce 1 mW sweeping across the 5-18 GHz
frequency range over 500 ms. It has been connected to the input of the CECE IF stage with
about 2 meters of coaxial cable. Attenuators summing up to 32 dB have been added before the
insertion. The acquisition of the CECE channels has been manually triggered and the data
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Figure B.4 – Insertion loss of the CECE channels for various frequencies setting of the YIG
ﬁlters, in dB.
116
B.3. CECE IF stage
Figure B.5 – Insertion loss of the CECE channels for various frequencies setting of the YIG
ﬁlters, in real units.
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collected and compared with the previous weeks. These tests found the performance of the
six channels to be constant in time. The stability of the system (including also the RF section)
can be further veriﬁed by comparing the signals collected during the TCV standard discharge,
repeated identical everyday at the beginning of the operations.
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C Estimation of the propagation velocity
of ﬂuctuations using CECE measure-
ments
C.1 Principles
When performing cross-correlation analysis between the CECE signals coming from different
channels, the phase difference gives an idea which of the two detects the ﬂuctuations ﬁrst. If it
is possible to calculate the distance Δs that the ﬂuctuations have to cross between the two
channels, then an estimation of the velocity of propagation of the ﬂuctuations is possible. The
procedure proposed here is based on these assumptions:
• Fluctuating structures are strongly elongated along the ﬁeld lines (k∥ << k⊥);
• In the directions perpendicular to the ﬁeld lines these structures are large enough to be
detectable by a pair of neighbouring CECE volumes;
This estimation can be attempted starting from the phase difference between two channels or
from the time delay of maximum correlation, estimated from their correlation coefﬁcient.
C.2 Estimation ofΔs
The choice of Δs depends on the expected direction of propagation of the ﬂuctuating struc-
tures. Two reasonable choices are:
• the separation of the emission volumes along the line of sight, corresponding to a radial
propagation
• the distance separating the two emission volumes along a ﬂux surface, corresponding
to a purely poloidal propagation.
The separation of the emission volumes along the line of sight is easily calculated using the
deﬁnition of the channels’ position introduced in appendix A. If (x1, y1,z1) and (x2, y2,z2) are
the mean coordinates of the two emission volumes, Δs = ||(x2−x1, y2− y1,z2− z1)||
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Figure C.1 – Deﬁnition of the angles used in the estimation of the propagation velocity.
To evaluate the poloidal propagation of the ﬂuctuations along the magnetic surfaces, it is
necessary to take into account the relative angle between the line of sight and the magnetic
ﬂux surface of interest.
Starting from the calculations presented in appendix A, we can deﬁne the angle between
neighbouring emission volumes as:
θr ay = arctan(z1− z2
r1− r2
), (C.1)
where 1 and 2 are indexes for different emission volumes, r =
√
x2+ y2 and (·) represents an
average over the emission volume. This angle must be compared with the gradient of the ﬂux
surfaces in between the emission volumes θ f lux . An example of how these angles are deﬁned
is shown in ﬁgure C.1. These two angles deﬁne θr f = θ f lux −θr ay . Then, Δs for a given couple
of channels can be calculated as shown in ﬁgure C.2:
Δs =Δr sin(θr f ). (C.2)
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Figure C.2 – Deﬁnition of θr f and representation of the distance separating two emission
volumes in the R/Z plane (Δr) and along a ﬂux surface (Δs).
C.3 Propagation velocity estimate
The phase difference observed between two CECE channels due to the propagation of the
ﬂuctuating structure can be modelled simply as:
Φ( f ) ∝ ω( f )Δt (C.3)
∝ 2π f Δs
v( f )
(C.4)
Where Δt is the time necessary to cross the Δs separating the detection volumes. This time
interval can be expressed as the ratio between Δs, deﬁned above, and the propagation velocity
v of the ﬂuctuations.
Knowing the phase difference between the oscillations in two neighbouring CECE channels,
the propagation velocity of the ﬂuctuations can be simply calculated as:
v( f )= 2π f Δs
Φ( f )
(C.5)
When using this method, the sign of the velocity calculated using C.5 depends on the relative
signs ofΦ and θr f . Remembering that the chosen convention produces a positive phase when
the ﬂuctuations are detected ﬁrst in the channel with the highest frequency of the couple,
the simple picture used in this model can be used to determine if the ﬂuctuations at a given
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Figure C.3 – Schematic representation of the four different cases corresponding to the com-
binations of signs for θr f and Φ. The sign of the resulting velocity can be interpreted as
the direction of propagation of the ﬂuctuation along the ﬂux surface. A negative velocity
corresponds to counter-clockwise rotation, while negative velocity to clockwise.
frequency are rotating clockwise or counter-clockwise. The different cases are schematically
represented in ﬁgure C.3. A positive velocity corresponds to clockwise rotation and viceversa
(in agreement with TCV coordinate conventions COCOS17 [109]).
The same principles can be used to estimate the propagation velocity based on the correlation
coefﬁcient ρ(t). The time delay Δt separating the detection of the ﬂuctuating structures
between two CECE channels can be assumed to be the time delay τmax corresponding to the
maximum correlation ρmax = ρ(τmax).
Computing the separation of the two volumes (Δs) as described above, the speed of prop-
agation of the ﬂuctuations can be simply calculated as v = Δs/τmax . Contrary to the value
obtained using the phase difference, this is the result of an integration over frequencies, per-
formed during the calculation of the correlation function. To compare the two methods, v(f)
must hence be averaged over the same frequency range considered when calculating the
correlation function.
Using either of these procedures on pairs of neighbouring channels, one can obtain an estima-
tion of the propagation speed, along a speciﬁc direction, for varying ρ. An example of their
application in an ohmic discharge is shown in ﬁgure C.4, where the two different methods of
calculation produce consistent results.
C.4 Comparison with CXRS measurements
The estimation of propagation speed obtained with this method has been compared with
the CXRS rotation measurements in TCV. To do so, a discharge has been chosen in which
122














Figure C.4 – Comparison of the propagation velocity of ﬂuctuations estimated using the phase
difference between neghibouring channels (blue) or the time of maximum correlation (red).
the ECE emission volumes, shown in ﬁgure C.5, were as perpendicular as possible to the
magnetic ﬂux surface. Due to the position of the emission volumes, it is assumed that the
main component of the propagation speed that could be detected is the poloidal one. In this
discharge, two phases are compared: one with 900 kW of NBI heating, and one ohmic. The
CXRS measurements show that the NBI injection causes a strong toroidal acceleration of the
impurity ions, in counter-current direction, while no effects are observed on the poloidal
velocity, as shown in ﬁgure C.6.
The phase difference between the two CECE channels, shown in ﬁgure C.7a, for ﬂuctuations
between 30 and 60 kHz, changes sign after the beam is turned on, suggesting a change in the
direction of propagation of the ﬂuctuating structures from counter-clockwise to clockwise.
The propagation velocity has been estimated using C.5, calculating Δs along the ﬂux surfaces,
as explained in C.2. The frequency dependent velocities calculated in this way are shown in
ﬁgure C.7b.
Integrating v(f) over the 30-60 kHz range, an estimation of the propagation poloidal velocity
can be obtained for the two different time intervals.
To compare this result with CXRS measurements, it is necessary to make some assumptions.
If the ﬂuctuations are considered to be frozen to the magnetic ﬁeld lines, their poloidal
propagation would only be due to the background plasma rotation. The poloidal velocity of
the intersection of a magnetic ﬁeld line with the plasma cross section is a composition of both
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Figure C.5 – Volumes 53667.










































Figure C.6 – Poloidal and toroidal velocities of the carbon ions in TCV in the two phases where
the NBI was on (yellow) and off (blue) respectively.
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C.4. Comparison with CXRS measurements
(a) (b)
Figure C.7 – Phase and vﬂux 53667.
toroidal and poloidal plasma rotation velocities:
vprop = vθ+ tan(α)vφ (C.6)
In this expression α is the pitch angle of the magnetic ﬁeld lines. In the convention used
in TCV, positive values are for clockwise poloidal rotation and counter-clockwise toroidal
rotation. Due to this, the sign of α depends on the relative sign between the toroidal and
poloidal (opposite to the plasma current) magnetic ﬁelds. If they have the same direction
then α is positive, otherwise is negative. For this comparison, the CXRS measurements of the
carbon ions velocity have been used to infer the plasma rotation velocity. While this is very
simple approach, it is known that, in regions where second derivatives in the ion temperature
are high, there can be strong differences between the rotation of the impurities and the main
ions [110].
The comparison between the propagation velocities estimated from the CXRS measurements
and the CECE data is shown in ﬁgure C.7a. It show that the qualitative trend of increase in
rotation velocity when the NBI is turned on is reproduced in the CECE based estimation as in
the CXRS calculations. The quantitative results, though, differ signiﬁcatively. If the assumption
of ﬂuctuations being frozen to the magnetic ﬁeld lines is dropped, but they are still considered
to be propagating only poloidally, the difference between the two results could be interpreted
as the velocity of the ﬂuctuations with respect to the backgroung plasma rotation. If the values
so obtained are compared with the poloidal rotation velocity of the carbon ions, we ﬁnd values
well inside the error bar of the experimental measurements, as shown in ﬁgure C.8b.
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CXRS vPol for TCV shot: 53667 sys.No.:[1  3]
(b)
Figure C.8 – Phase and vﬂux 53667.
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D Simple modelling of ﬂuctuations and
application of a synthetic diagnostic
A correlation electron cyclotron emission (CECE) diagnostic is sensitive only to ﬂuctuating
structures large enough that their contribution is not averaged out inside the emission volume
of a single channel, as explained in 3.3.1. To represent this effect and study how it affects
the different lines of sight available to the CECE in TCV, a simple 2D model of ﬂuctuations in
the plasma cross section is developed, together with a synthetic CECE diagnostic. The main
goal of this work is to investigate the sensitivity of the diagnostic to ﬂuctuating structures of
different sizes in an simpliﬁed representation, yet taking into account the real characteristics
of the diagnostic and its lines of sight.
D.1 Simple model for ﬂuctuations
A model for the ﬂuctuating ﬁeld is constructed on the basis of a real plasma equilibrium. For
any given TCV discharge, the magnetic equilibrium is reconstructed using CHEASE [108]. This
provides, among other things, a mapping of the poloidal ﬂuxΨ over the plasma cross section.
In this way, every point of the plasma cross section can be identiﬁed by a [ρ(R,Z ), θ(R,Z )]
pair, where ρ = ρψ is deﬁned as in equation 1.11 and θ = arctan[(Z −Zaxi s)/(R−Raxi s)].
On this grid, the spatial structure of the ﬂuctuations is modelled as a superposition of a
number of different poloidal modes characterized by a poloidal number m:
Am(R,Z )= exp[i ·m ·θ(R,Z )]. (D.1)
In this simple model, modes of higher order, m, represent turbulence with shorter wavelengths
in the poloidal direction. As an example, in ﬁgure D.1a the pattern of a mode with m=4 is
shown. Each component is associated with a different frequency, proportional to m, such that
at time t:
Amt (R,Z , t )= Am(R,Z ) ·exp[i ·m ·ω(m) · t ] (D.2)
where ω is an arbitrary coefﬁcient deﬁning the angular frequency of each mode.
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Figure D.1 – (a) Real part of the mode m=4 as deﬁned in D.1. (b) Norm of a superposition of
modes with m going from 1 to 8 from equation D.3 with A0(R,Z )= 1.
Once all the n different modes are summed, the ﬁnal form of the ﬂuctuating ﬁeld is obtained.
A(R,Z , t )= A0(R,Z ) ·
n∑
j=1
Ajmt (R,Z , t ) (D.3)
The result of superimposing modes with m from 1 to 8 is shown in ﬁgure D.1b. In this case the
norm of the sum of the ﬂuctuations is shown instead of the oscillating parts. In equation D.3,
A0 is used to further tailor the spatial structure of the ﬂuctuations. For example, it can be used
to create ﬂuctuations whose amplitude decays moving away from the outboard midplane in
the poloidal direction to mimic the ballooning structure of turbulent ﬂuctuations.
D.2 CECE synthetic diagnostic
Once the plasma equilibrium and the ﬂuctuating structures have been deﬁned, the CECE
dagnostic can be modelled. The emission volumes for the synthetic channels are calculated as
detailed in appendix A. The characteristics of the lines of sight are used as inputs in TORAY.
Synthetic channels are deﬁned by ﬁxing their frequency or their position with respect to a
ﬂux surface. In the latter case, the intersection between the line of sight and the desired
ﬂux surface is found, assuming no refractive effects, and the synthetic channels are centred
around the corresponding ECE resonance frequency. The channels bandwidth is normally
set to 100 MHz to reproduce the actual diagnostic, but it can be changed arbitrarily. The
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density and temperature proﬁles necessary for the calculation of refraction and the emissivity
proﬁles can be taken from the same discharge from which the equilibrium is reconstructed, or
they can be modiﬁed if necessary. An example of emission volumes obtained in this way for
two channels using the horizontal line of sight characteristics, is shown in ﬁgures D.2a and
D.2b. The channels are superimposed on a ﬂuctuating structure generated using equation
D.3. Notice that in this case A0 has been used to introduce a radial and poloidal decay when















The ﬂuctuating ﬁeld, deﬁned as described in paragraph D.1, is then interpolated on the points
composing each emission volume. Aweight is associated to each of these points corresponding
to the value of emissivity G, calculated as in appendix A. Examples of the interpolation of the
ﬂuctuations and of the emissivity over the emission volumes are shown in ﬁgures D.2b and
D.2c respectively. The weighted sum of the ﬂuctuations over these points, for each time t,
generates the synthetic CECE signal for each channel. In order to use this model as a synthetic
diagnostic, signals are generated using the real CECE temporal resolution (1.75 MHz) and they
are low pass ﬁltered using a ﬁfth order Butterworth at 450 kHz, which represents the video
bandwidth of the radiometers’ electronics. These parameters can be adjusted if necessary.
Artiﬁcial, white, gaussian noise can then be added to each channel with arbitrary signal to
noise ratio.
The standard data analysis procedure for CECE, introduced in paragraph 3.6, is then applied
to every couple of neighbouring channels. This allows the calculation of CPSDs, common
ﬂuctuations amplitude and correlation length as it would be done for the actual experimental
data. The results obtained using these synthetic signals can be used to verify how basic char-
acteristics of the ﬂuctuating structures inﬂuence the detection capabilities of the diagnostic in
various conﬁgurations. Some examples of these applications are presented in the next section.
D.3 Applications of the ﬂuctuations model and the synthetic diag-
nostic
D.3.1 Emission volume size and wavenumber sensitivity
The synthetic CECE diagnostic was applied in different cases to a ﬂuctuating ﬁeld consisting
of the superposition of modes with m from 1 to 32, with A0(R,Z )= 1, rotating at a constant
ω = 25 ·103π rad/s. The ﬂuctuations were superimposed on the equilibrium of one of the
positive δ plasmas discussed in paragraph 4.3. Two CECE channels centred around ρpsi = 0.7
( f1 = 70GHz, f2 = 70.5 GHz) and separated by 500MHz, weremodelled. These collect radiation
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Figure D.2 – (a) Norm of a superposition of modes with m going from 1 to 8 from equation D.3
with A0(R,Z ) composed by two gaussians in both poloidal and radial directions. The former
is centered on θ = 0 and the latter on ρ = 1. (b) Norm of the ﬂuctuating structure shown in a
interpolated over two emission volumes. (c) Emissivity G over one of the emission volumes.
through the horizontal line of sight, aligned with the plasma axis. White gaussian noise was
added to the synthetic signals in order to obtain a signal to noise ratio of 1. Using the actual
characteristics of the CECE in TCV (BIF = 100 MHz, facq = 1.75 MHz, Bvid = 450 kHz), the
CPSD between the two channels, shown in ﬁgure D.3, shows differences in sensitivity for
structures of different sizes. In this case, where each peak in the CPSD corresponds to a
different mode m, with higher order modes appearing as higher frequency peaks, it is clear
how the diagnostic loses sensitivity for smaller ﬂuctuating structures. It is important to notice
that this is not an effect of the radiometer characteristics since higher order peaks disappear
into the noise before 450 kHz, where the video low-pass ﬁlter rolls over.
In fact the cause for the reduced sensitivity of the diagnostic to smaller ﬂuctuating structures
is the ﬁnite extension of the emission volumes, as already mentioned in 3.3.1. A simpliﬁed
conﬁguration of the diagnostic model was then applied to further study this effect. The same
ﬂuctuating ﬁeld and channel conﬁgurations were retained except for the removal of noise and
of the low-pass video ﬁlter and the aperture angle of the horizontal line of sight was varied
from 2° to 5° (for the real line of sight α= 3.05°).
The CPSD between the two channels was calculated separately for each poloidal mode com-
ponent (Amt ) and integrated over the whole frequency range, to obtain the common power
generated by a single mode. This power has been used to estimate the relative sensitivity of the
different optics conﬁgurations to the different modes. As expected, larger antenna patterns
degrade the sensitivity of the diagnostic to smaller ﬂuctuating structures (higher m modes).
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Figure D.3 – CPSD of two synthetic channels at ρpsi = 0.7 separated by 500 MHz, looking at
ﬂuctuations generated by moodes with m from 1 to 32, rotating at constant angular velocity
ω. The actual characteristics of the CECE diagnstic of TCV have been used in this test (optics,
BIF , facq , Bvid ).
Figure 4.21, showing these results, has been reproduced here in ﬁgure D.4 for convenience.
To verify the consistency of these results with the model of [8], introduced in paragraph
3.3.1, a series of simulations in which the angle αwas changed from 0.1° to 8° was run. The
resulting ﬂuctuation amplitudes for modes of different order as a function of the vertical
size of the emission volumes are shown in ﬁgure D.5. According to the model of [8], the
measured amplitude of the ﬂuctuations should decrease as exp(− (kw)22 ) where in this case k is
the poloidal wavenumber of the ﬂuctuations and w the vertical size of the emission volume.
The points have been ﬁt with: Cm exp(−BmΔZ 2), where Cm and Bm are constants for each
mode. As shown in ﬁgure D.5 the model ﬁts very well the results of the simulations. This
conﬁrms that the observed decreased sensitivity for smaller ﬂuctuating structures when using
the synthetic diagnostic, can be attributed to the ﬁnite size of the emission volumes.
D.3.2 Wavenumber sensitivity of different lines of sight
The same combination of plasma equilibrium, proﬁles andmodeswas used to test the different
sensitivity of the upper lateral and horizontal lines of sight of the CECE. Both lines have been
simulated using their actual characteristics (except for the vertical position of the horizontal
one, again set at z = 30 cm). For the upper lateral line of sight, the angles used in the speciﬁc
TCV discharge have been selected (θ = 25°, φ= 0°). Also in these cases two channels have been
simulated around the ρψ = 0.7 ﬂux surface, separated by 500 MHZ. What is observed is that
the upper lateral line of sight is less sensitive to the lowest order modes (m<5) with respect
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Figure D.4 – Examples of the changes in the emission volumes extension when changing the
aperture angle of the horizontal line of sight from 2° (a) to 5° (b). The emission volumes are
represented over the norm of the ﬂuctuating structure obtained superimposing modes with m
from 1 to 32. (c) Sensitivity of the diagnostic to varying m modes for increasing line of sight
aperture angle. The sensitivity to higher order modes is reduced while the antenna pattern is
widened.



































Figure D.5 – Amplitude of the ﬂuctuations measured for varying aperture angle α for several
poloidal modes and corresponding ﬁts with conﬁdence intervals, calculated according to the
model in [8].
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Figure D.6 – Norm of the ﬂuctuating ﬁeld (m from 1 to 32) and emission volumes for the
simulation of the the upper lateral (a) and horizontal (b) lines of sight looking at ρψ = 0.7. (c)
Estimated sensitivity to the different modes for the two lines of sight.
to the horizontal one but, as m grows, it becomes relatively more and more sensitive. This
simple model provides a possible explanation for the different ﬂuctuation levels that have
been observed in the experiments reported in paragraphs 4.2 and 4.3. The higher level of
ﬂuctuations measured when using the upper lateral line of sight in extremely similar plasmas is
a consequence of its better spatial resolution (i.e. smaller spot size in the plasma). These results
have already been shown in ﬁgure 4.22, but are reproduced in ﬁgure D.6 for convenience.
D.3.3 Effects of positive and negative δ equilibria on wavenumber sensitivity
Simulations have also been run using the equilibria and proﬁles of the pair of positive and
negative δ discharges introduced in paragraph 4.3. The goal was to see if the difference in
equilibria and ﬂux surface compression of positive and negative triangularity discharges has
an inﬂuence on the detection of ﬂuctuating structures of different size. Also in this case the
horizontal line of sight was simulated (this time at the vessel midplane), with two channels
separated by 500 MHz around ρψ = 0.7. The emission volumes and the norm of the ﬂuctuating
ﬁeld over the two plasma cross sections are shown in ﬁgures D.7a and D.7b. The differences in
relative sensitivity to modes of different order, for positive and negative δ plasmas, shown in
ﬁgure D.7c, are very small. It is interesting to notice that experimentally measured ﬂuctuations
in negative δ are signiﬁcantly lower than in positive δ plasmas even though the former shows
∼ 20% higher sensitivity to low order modes. It can then be excluded that different sensitivity
of the diagnostic to modes of different sizes can be the source of the difference in ﬂuctuations
amplitude measured experimentally between positive and negative δ plasmas.
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Figure D.7 – Norm of a superposition of modes with m going from 1 to 32 from equation D.3
with A0(R,Z )= 1 over the equilibria of positive (a) and negative (b) δ plasmas, together with
the simulated emission volumes. (c) Fluctuations amplitude of modes of order m obtained in
the two cases.
D.4 Conclusions
A simple model for studying the sensitivity of the different lines of sight available to the CECE
diagnostic of TCV has been developed. The diagnostic is modelled taking into account as
closely as possible the true characteristics of its optics and radiometer. Using this model, it has
been possible to highlight the detrimental effects of wider antenna patterns on the diagnostic
sensitivity to small ﬂuctuating structures. Very good agreement has been found between these
simulations and the model in [8]. The sensitivities of the horizontal and upper lateral lines of
sight have been compared using this method, ﬁnding that, using the latter, smaller modes are
better detected. This is in qualitative agreement with the experimental results presented in
chapter 4. Simulations of identical ﬂuctuating structures in positive and negative triangularity
plasmas show that the diagnostic should present similar sensitivity to modes in both shapes.
Diagnostic effects alone, related to differences in the equilibria and ﬂux surfaces compression,
thus can not explain the strong reduction in ﬂuctuations amplitude observed in chapters 4
and 6.
While the simple model of ﬂuctuations developed in this chapter is certainly insufﬁcient to
describe a realistic turbulent conﬁguration inside a tokamak plasma, it allows to study the
inﬂuence of the ﬂuctuating structures size on the CECE sensitivity.
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